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Abstract 
The diamondback moth, Plutella xylostella L. (Lepidoptera: Plutellidae) is the most 
economically important insect pest of Brassica crops worldwide and a serious pest of 
cabbage crops in Fiji where bi-weekly applications of synthetic insecticides to control it are 
commonplace. In 2008 a population of P. xylostella was collected from cabbage crops in the 
Sigatoka valley, the major production area on the main Island of Viti Levu, and its 
susceptibility to a range of insecticides was compared to that of a standard laboratory 
insecticide susceptible population (Waite population). The field population exhibited significant 
resistance to the pyrethroid deltamethrin (resistance ratio (RR) = 487) and indoxacarb 
(RR=56) but was susceptible to both the acylurea lufenuron and Bacillus thuringiensis subsp.  
kurstaki (Bt-k). Farmer surveys conducted in 2009, showed that 95% of cabbage farmers in 
the Sigatoka valley used synthetic pyrethroids against P. xylostella, 67% used indoxacarb, 
28% used lufenuron, 23% used organophosphates but only 8% used Bt. In late 2009 six 
separate populations of P. xylostella were established by collecting larvae and pupae from 
cabbage fields in the upper, mid and lower regions of the Sigatoka valley, in Koronivia on the 
east coast of Viti Levu and near Labassa on the neighboring island of Vanua Levu. All three 
of the Sigatoka valley populations were resistant to deltamethrin (RR ranged 41- 191) and 
indoxacarb (RR ranged 40-89) but they were susceptible to lufenuron and Bt-k. The Labassa 
population was resistant to deltamethrin (RR= 150), moderately resistant to indoxacarb 
(RR=15) but susceptible to lufenuron and Bt-k while the Koronivia population was resistant to 
lufenuron (RR=29), moderately resistant to indoxacarb (RR=12) but susceptible to 
deltamethrin and Bt. In the absence of selection in the laboratory, resistance to deltamethrin 
and indoxacarb in the Sigatoka populations declined and disappeared completely within 10-
15 generations, indicating that resistance to these insecticides confers a fitness cost on 
diamondback moth. However, laboratory selection of these populations with either 
deltamethrin or indoxacarb resulted in marked and rapid increases in resistance to these 
insecticides (deltamethrin RR=466 and indoxacarb RR=892) following selection for three 
generations with deltamethrin and indoxacarb respectively. Further, there was significant 
cross-resistance between deltamethrin and indoxacarb. However, increased resistance to 
deltamethrin and indoxacarb did not affect the susceptibility of insects to lufenuron, Bt-k or the 
anthranilic diamide chlorantraniliprole, which was uniformly effective against all field 
populations and the laboratory susceptible population. Bionomic studies in the laboratory 
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showed that resistant field populations of diamondback moth completed development more 
quickly, had smaller (lower mass) pupae and suffered greater levels of immature mortality 
than populations with greater susceptibility to insecticides. However, in all populations, 
irrespective of insecticide resistance status, adult diamondback moth sex ratios were female 
biased. In the field populations, patterns of insecticide resistance can be correlated with local 
insecticide use. In order to prolong the useful life of the limited number of insecticide available 
to cabbage farmers in Fiji an insecticide resistance management (IRM) strategy designed to 
minimize the selection pressure on target insects was developed and implemented on in the 
major cabbage growing areas of both Viti Levu and Vanua Levu.  The strategy is based on 
the strategic application of selective insecticides only when densities of the target pest 
complex exceed experimentally determined threshold levels. Four or five different active 
ingredients are alternated in a “window strategy” that ensures that successive generations are 
not exposed to the same insecticide, thereby reducing selection pressures. The results are 
discussed in the context of the historic use of insecticides in Fiji and the development and 
implementation of the IRM strategy is considered.  
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Chapter 1. Introduction 
1.1 Agriculture in Fiji 
Fiji is one of the most developed economies in the Pacific and agriculture remains the 
backbone of the economy. Approximately 13.8% of the total area of 1,827,000 ha is devoted 
to arable and permanent crop production and 36.2% of the 854,000 inhabitants are involved 
in agriculture (FAOSAT, 2010). Fresh vegetable production has fluctuated over the years but 
total production was 7,795 tonnes in 2011 (FAOSTAT, 2013); of this, cabbages and other 
Brassica crops represented 655 tonnes, or 8% of total production by weight (FAOSTAT, 
2013). The Fijian Ministry of Agriculture’s current policy of import substitution specifically 
places vegetable crops as one of the main target commodities (Bacolod, 2013). Insecticide 
imports into Fiji are high and in 2007 an estimated US$3,000,000 worth of insecticides were 
imported, most are used for vegetable production (FAOSTAT, 2010). The Sigatoka valley is 
the country’s major vegetable production area (see section 1.1) and a survey conducted in 
2012, showed that most imported insecticides were used on tomatoes, eggplant and English 
cabbages (Fink et al., 2013). This intensive use of insecticides in vegetable production needs 
to be addressed as it results in environmental contamination and high insecticide residues in 
crops and thus presents a direct health risk to humans. 
 
1.1.2 The Sigatoka valley 
The Sigatoka Valley lies in the south west of the largest Fijian island of Viti Levu 
(approximately 18°S and 179°E) in the Western Division, approximately 60 km from the major 
commercial centre of Nadi Town (Fiji Bureau of Statistics, 2012). Sigatoka town, at the mouth 
of the Sigatoka River, is the principal urban centre for Nadroga-Navosa province. The 
Sigatoka Valley Rural Development project (SVRDP) promoted commercial cultivation of 
most vegetable crops, including Brassica vegetables, as early as 1987 (SVRDP, 1997). The 
Sigatoka Valley region is regarded as “the salad bowl of Fiji” owing to the intensity of 
commercial vegetable cultivation. The Brassica crops grown include Chinese, English and 
mustard cabbages and cauliflower and they are typically grown on mixed vegetable farms 
alongside other commercial crops such as okra, eggplant, tomato, maize and tobacco 
(SVRDP, 1997).  
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1.1.3 Brassica crop production and its constraints in Fiji 
In Fiji, the annual market value of all vegetables (excluding root crops) is estimated to be 
FJD$7,000,000; leafy vegetables account for FJD$2,100,000 of this and Brassica vegetables, 
which represent 90% of leafy vegetable production, have an annual value of approximately 
FJD$2,000,000 (Fiji Agriculture Census, 2009). 
Commercial Brassica crops, especially “head” or “English” cabbage (Brassica oleracea 
var. capitata) and Chinese cabbage (Brassica rapa var. chiniensis and Brassica rapa var. 
pekinensis), are extremely important to the rural economies in Fiji. Increasingly, as traditional 
vegetables such as bele (Abelmoschus manihot (L.) Medik (Malvaceae)), taro (Colocasia 
esculenta (L.) Schott (Araceae)) and several species of fern (known collectively as ota) 
become less available in local markets, Brassica vegetables are becoming the most important 
leaf vegetable crops (FAOSTAT, 2013). Bele and taro leaf availability at local markets has 
declined due to the establishment of new export opportunities for these commodities in the 
markets of New Zealand and Australia. The booming tourist trade in Fiji has created further 
demand for high quality Brassica vegetables (Young and Vinning, 2007). Currently, English 
cabbage imports are significant (single heads can sell for FJD$6) and increasing local supply 
for import substitution would be an important development for the local economy (Loze and 
Low, 2008).  
Brassica vegetable crops are of worldwide importance but production is frequently 
constrained by insect pest damage (Zalucki et al., 2012). The major pest, Plutella xylostella L.  
(Lepidoptera: Plutellidae) (diamondback moth, see section 1.2 below), is ubiquitous in its 
distribution but other co-occurring pest Lepidoptera (e. g. Pieris rapae L. (Lepidoptera: 
Pieridae) in temperate climates; Hellula spp. and Crocidolomia pavonana F. (Lepidoptera: 
Crambidae) in tropical and subtropical climates) pose serious threats to production (Zalucki et 
al., 2012). The six well-attended international workshops devoted exclusively to “The 
management of diamondback moth and other crucifer pests” which have been held since 
1985 illustrate the scale and the global nature of the problem (Talekar and Griggs, 1986; 
Talekar, 1992; Sivapragasam et al., 1997; Endersby and Ridland, 2004, Shelton et al., 2008, 
Srinivasan et al., 2011). When Brassica crop production was first developed in Fiji, 
insecticides were quickly embraced to control the major insect pests, P. xylostella and C. 
pavonana, because they were relatively inexpensive and easy to apply, they initially provided 
good control, and they increased agricultural productivity; allowing the high production 
demands to be met and profits to be maximised). However, the reliance on insecticides for 
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insect pest management in Brassica vegetable crops has not changed in decades. A needs 
assessment exercise conducted in 2003 (Kfir, 2003) and a recent analysis of Brassica 
vegetable farmer practices in the Sigatoka valley (Fink et al., 2013) both identified 
indiscriminate or calendar application of insecticides by most farmers as major constraints to 
the sustainability of Brassica vegetable production in Fiji  (Fink et al, 2013, Lal and Prasad, 
2006, Kfir, 2003). In 2002, Brassica vegetable crop surveys were commissioned by the 
Secretariat of the Pacific Community (SPC) and samples of Chinese cabbage crops were 
sent to AgriQuality, New Zealand for testing. Insecticide residues detected on these samples 
frequently exceeded acceptable levels, presenting a serious public health problem for a 
widely consumed commodity. 
 
1.2. Plutella xylostella 
1.2.1 Distribution 
Plutella xylostella is a cosmopolitan and destructive insect pest of Brassica crops and it is 
considered the most widely distributed species of Lepidoptera in the world (Lim, 1982; 
Waterhouse and Norris, 1987; Waterhouse, 1990; Talekar et al., 1992; Talekar and Shelton, 
1993; Sarfraz and Keddie, 2005; Zalucki et al. 2012). Plutella xylostella feeds on a diverse 
range of host plants belonging to the Brassicaceae, including Brassica crop plants (e. g. 
cabbage, collards, turnip greens, mustard greens, broccoli, cauliflower) and many species of 
weeds. As such its host plants are extensively spread across the globe; there are more than 
220 genera of Brassicaceae plants (Ahuja et al., 2010) and examples of many species are 
present on each continent (Endersby et al., 2001). This, together with the capacity of P. 
xylostella for long-range migration (Furlong et al., 2013) contributes to the pest’s almost 
ubiquitous distribution.  
The importance of Brassica crops in human diets has increased over recent decades 
in many countries in the world, resulting in increased Brassica production and intensification 
in management practices (Furlong et al., 2013). Such changes have seen shifts from smaller 
diversified cropping systems to monocultures under intensive cultivation practices, including 
year-round production (Shelton, 2001). Consequently, as the demand for pest-free produce 
has increased, farmers have relied on intensive use of insecticides as the main control 
measure. This in turn, has contributed to the development of insecticide resistance, which has 
resulted in frequent control failures and reduced effectiveness of natural enemies (Furlong et 
al., 2013).  
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1.2.2 P. xylostella life-cycle      
The life cycle of P. xylostella is temperature dependent (Ooi, 1985; Koshihara, 1986, Liu et al. 
2002). Plutella xylostella can complete development over a wide range of temperatures, 
taking 119 and 11 days to complete development at constant temperatures of 8°C and 32°C 
respectively (Liu et al., 2002). Under ambient temperature conditions in the field, the duration 
of the life cycle can vary considerably, for example in the lowlands of Malaysia it takes 13 
days to complete its lifecycle while in the cooler highlands it typically takes 27 days  (Ooi, 
1985); although temperatures experienced at the leaf surface can vary considerably from air 
temperatures, sometimes making prediction of field development rates difficult (Mohandass 
and Zalucki, 2004). Adult females mate readily after emergence and can lay hundreds of eggs 
(range 7-414) depending on the temperature (Shirai, 2000; Marchioro and Foerster, 2012). 
The pre-oviposition period lasts for 24 hours and then female moths search the plant for 
oviposition sites, which can vary widely between host plant species (Silva and Furlong 2012).  
First instar larvae burrow into the leaf tissue to feed as leaf miners in the spongy mesophyll 
layer (Harcourt, 1957; Chelliah and Srinivasan, 1985). They moult inside the leaf tissue and 
emerge to feed on the lower epidermis of leaves, causing a distinctive windowing effect that is 
indicative of P. xylostella infestation (Harcourt, 1957; Bhalla and Dubey, 1985; Chelliah and 
Srinivasan, 1985; Hutchison, 2007). Larval stages develop through four instars (temperatures 
20-25°C); 1st (3 to 4 days), 2nd (2 to 3 days), 3rd (2 to 3 days) and 4th (2 to 3 days) before 
spinning silk at the pre-pupal stage and ultimately forming a pupa inside the cocoon (Chelliah 
and Srinivasan, 1985). The pupae are pale beige to green initially then turn light brownish 
after a day or two but during the last 24 hours prior to eclosion the pupae become dark brown 
(Harcourt, 1957; Chelliah and Srinivasan, 1985; Bhalla and Dubey, 1985). 
Adult moths are brown to greyish in colour, narrow bodied and about 4.7- 6.5cm in 
length. The male has distinctive features which differentiate it from the female; males have a 
shorter and less swollen abdomen and the clear “diamond” marks on the back of the folded 
wings are brighter than in the female.  
 
1.2.3 Pest status of Plutella xylostella                    
Plutella xylostella has been recorded as a major pest of Brassica crops throughout the world, 
with distribution records from over 80 countries (Talekar and Shelton, 1993; Mohan and 
Gujar, 2003). The economic importance of this pest is highlighted by Zalucki et al. (2012) who 
estimate that the combined worldwide costs of management and damage caused by P. 
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xylostella is US$4- 5 billion per annum. The status of this pest is linked inextricably to its 
remarkable ability to evolve resistance against the insecticides deployed for its control (see 
Section 1.3.7). 
 
1.3 Insecticide resistance 
Resistance to insecticides has been defined as “a genetic change in response to selection by 
toxicants (i.e. insecticides) that may impair control in the field” (Sawicki, 1987). More recently, 
IRAC (2007) defined resistance to an insecticide as “a heritable change in the sensitivity of a 
pest population that is reflected in the repeated failure of a product to achieve the expected 
level of control when used according to the label recommendation for that pest species”. 
 The first incidence of resistance to an insecticide was recorded more than a century 
ago when the San José Scale, Quadripidiotus perniciosus (Cormstock) developed resistance 
to lime sulphur in deciduous fruits in the state of Washington (Melander, 1914). Since then, 
the development of insecticide resistance has occurred in many species of insect worldwide.  
By 2006, 553 insect species and 7,558 incidences of arthropod resistance had been recorded 
against 331 different insecticides (Mota-Sanchez et al., 2007). Most of the resistance cases 
can be attributed to pests of agriculture, forest and ornamental plants (62.3%), followed by 
pests of medical, veterinary and urban importance (35.5%). Natural enemies, pollinators and 
other non-target insects make up only 2.2% of all cases of insecticide resistance. 
Conventional insecticides such as organochlorines, organophosphates, carbamates and 
pyrethroids make up 88.8% of all the resistance cases (Ranakrishnan et al., 1984; Armes et 
al., 1997; Mota-Sanchez et al., 2007).  
The increased recent use of new insecticides such as insect growth regulators and 
inhibitors, avermectin, neonicotinoids, bacterial agents, spinosins and anthranilic diamides to 
control pests has seen a change in the trend of reports of resistance from the conventional 
older compounds to the newer insecticides (Yu and Nguyen, 1992; Shelton and Wymen, 
1992; Mohan and Gujar, 2003a; Ninsin, 2004; Sayyed et al., 2004; Sarfraz and Keddie, 2005; 
Sarfraz et al., 2005a, Atumurirava and Furlong, 2011). In the case of P. xylostella, increased 
incidences of cases of resistance to these insecticides can be attributed to their extensive use 
due to their selectivity and their environmentally friendly and IPM-compatible properties 
(Endersby and Ridland, 2001 and 2004; Fishel, 2005).  
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1.3.1 Development of resistance 
Resistance develops at the population level, not within an individual, and involves an inherited 
trait (Riley and Sparks, 2006). Riley and Sparks (2006) suggest that the genotype for 
resistance must be present before a new insecticide is ever used, but it typically occurs at a 
very low frequency in the population. An individual insect does not become resistant but, 
through multiple applications of an insecticide that impact on multiple generations of the pest, 
susceptible individuals are removed from the population and resistant individuals remain to 
reproduce, resulting in a population of insects that can no longer be controlled with that 
insecticide. This process does not develop a resistant insect; it simply selects for a heritable 
trait and results in a population that is resistant due to the increased frequency of the trait.    
The genetics of resistance plays a major role in both the potential for the evolution of 
resistance and its stability once it has evolved. Resistance can be genetically dominant (R) or 
recessive (r). If dominant, then only one copy of the allele is needed for the phenotypic 
expression of resistance; if recessive, two copies of the allele are needed (Riley and Sparks, 
2006). In addition, a single gene dominant resistance trait can be phenotypically expressed by 
both heterozygotes (Rr) and homozygotes (RR) while a single gene recessive resistance trait 
can only be expressed by homozygotes (rr). Therefore, the rate of development of resistance 
is dependent on the initial frequency and the dominant/recessive properties of the resistant 
alleles present in the individuals of a population. Thus, a population rapidly developing 
resistance to an insecticide implies the presence of a higher frequency of resistant alleles in 
the population and a population slowly developing resistance implies higher frequency of 
susceptible alleles in the population (Taylor and Georghiou, 1979, Matsumuura, 1985). The 
stability of resistance is not only affected by genetics but also by the mechanism of resistance 
and the associated fitness costs (Riley and Sparks, 2006).  
 
1.3.2 Mechanisms of insecticide resistance   
The mechanisms of resistance to insecticides include metabolic detoxification of the pesticide, 
reduction in sensitivity of the target site and decreased penetration and translocation of the 
pesticide to the target site of the insect (Croft and Brown, 1975; Williamson et al., 1996; Yu 
and Nguyen, 1996; Ahmad and McCafferey, 1999).  Each of these mechanisms is considered 
briefly below. 
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1.3.2.1 Metabolic (enhanced detoxification of insecticide) 
Detoxification enhancement can involve different enzymes, including cytochrome P450 
monooxygenase, esterases and glutathione-S-transferase (Enayati et al., 2005). For 
example, the enzyme glutathione S-transferase is responsible for P. xylostella resistance to 
organophosphates (parathion and methyl parathion) (Sun, 1992). Cytochrome P450 is the 
most common type of resistance mechanism to occur in lepidopteran insects (including P. 
xylostella) although activities of esterases, reductases and glutathione-S-transferases are 
also important (Hodgson et al., 1993). P450s are heme-thiolate proteins, a group of enzymes 
that play leading roles in the oxidative metabolism of a great number of endogenous 
compounds and xenobiotics (Danielson et al., 1999; Nerbert and Conzales, 1999). This 
mechanism can confer resistance to unrelated insecticides, for example, in P. xylostella 
cross-resistance to indoxacarb, fipronil and spinosad (Sayyed et al., 2004; Sayyed and 
Wright, 2004 and Sayyed and Wright, 2006; Table 1.1). 
 
1.3.2.2 Insensitivity at target site 
Target site insensitivity affects insecticides with the same mode of action (Williamson et al., 
1996). In addition, insecticides within a specific chemical group usually share a common 
target site within the pest as well as a common mode of action. Thus, it is common for 
resistance to develop that is based on a genetic modification of this target site. When this 
happens, the interaction of the selecting insecticide with its target site is impaired and the 
compound loses its efficacy (IRAC 2007). For example, alteration of the target site is 
responsible for resistance to permethrin in P. xylostella (Yu and Nguyen, 1996), while 
alteration of the knock down resistance (kdr) gene results in conformational changes in the 
receptor protein that is the target site for both DDT and pyrethroid insecticides, resulting in 
resistance to these insecticides (Schuler et al., 1998; Sonoda et al., 2006). These 
mechanisms interfere with the sodium gate along the axon of nerve cells and make it less 
receptive to binding for both classes of insecticide (Priester and Georghiou, 1978; Omer et al., 
1980; Georghiou and Taylor, 1986). Altered target sites also confer resistance to Bacillus 
thuringiensis. Here, receptor sites on mid-gut epithelial cells exhibit reduced toxin binding and 
reduced proteolytic activation of crystal proteins (Tabashnik et al., 1994b; Tang et al, 1996; 
Wright et al., 1997; Sayyed et al., 2000b). This mechanism has been reported to lead to the 
development of resistance in P. xylostella (e.g. Tabashnik et al., 1990; Table 1.1). 
1.3.2.3 Reduced penetration 
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Increases in the time that it takes for an insecticide to reach its target site can confer 
resistance. This mechanism has a minor effect when it acts alone, however, it may act in 
concert with other mechanisms (e.g. metabolic detoxification) thereby magnifying resistance 
levels (Metcalf, 1989). That is, a change in penetration may have an intense effect upon the 
pharmacokinetics of a toxicant (Georghiou and Taylor, 1986). 
 
1.3.2.4 Cross and multiple resistance        
Cross-resistance refers to resistance of a strain of insects to insecticides other than those that 
they were selected with (Yamasaki, 1972). This results in the ability of the insect to exhibit 
resistance to other classes of insecticides of similar chemical structure (Liu and Yue, 2000). 
Multiple-resistance, on the other hand, is resistance conferred by two or more genes that 
results in resistance to various compounds. Multiple-resistance is acquired through the 
presence of more than one resistance mechanism to a particular insecticide group (Corbel et 
al., 2007). For example, P. xylostella can inherit multiple mechanisms of resistance that can 
result in cross and multiple resistances to many class of insecticides, for example DDT, 
chlorinated hydrocarbons, carbamates, organophosphates and pyrethroids (Miyata et al., 
1981), abamectin, benzophenylureas and Bt (Sun, 1992), Indoxacarb (Sayyed and Wright, 
2006) and spinosad (IRAC, 2007). 
 
1.3.4 Fitness costs of resistance  
Fitness costs that are associated with resistance genes when they are expressed in the 
absence of insecticides can affect the evolution of insecticide resistance (Li et al., 2007). 
Fitness costs depend on particular interactions between genes and environmental factors, 
particularly temperature (Raymond et al., 2005). Fitness costs are commonly enhanced or 
more easily detected in stressful environments for example, when insects experience high 
levels of competition (Kraaijeveld and Godfray, 1997; Raymond et al., 2005) or when over 
wintering (Foster et al., 1997).  Over wintering in particular imposes increased fitness costs on 
insects by slowing physiological development and reducing reproductive competitiveness (Li 
et al., 2007). For example, overwintering can reduce P. xylostella survival, physiological 
development and reproductive competitiveness by 50-95% compared with susceptible strains 
(Li et al., 2007).  Fitness costs in spinosad resistant strains resulted in reduced egg 
production, egg hatchability, larval and pupal survival in Hawaiian strains of P. xylostella 
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(Groeters et al., 1994) but varied in Japanese strains (Shirai et al., 1998); this may be 
attributed to the differences in how stressful the conditions were at the time of investigation. 
 
Table 1.1 Examples of insecticide resistance, and the mechanisms employed, in P. xylostella 
 
Insecticide Class Resistance mechanism Reference 
Carbamates Metabolic (carboxylesterase and 
glutathione-S-transferase)  
Miyata et al., 1985; Sun et al., 1986 
 Target site insensitivity (reduced 
acetylcholinesterase sensitivity)  
 
Miyata et al., 1985; Sun et al., 1986 
Organophosphates 
 
Metabolic (carboxylesterase and 
glutathione-S-transferase)  
Miyata et al., 1985; Sun et al., 1986 
 Target site insensitivity (reduced 
acetylcholinesterase sensitivity) 
  
Miyata et al., 1985; Sun et al., 1986 
DDT Target site insensitivity (knock 
down resistance)  
 
Miyata et al., 1985 
Synthetic pyrethroids Metabolic (carboxylesterase and 
glutathione-S-transferase). 
 
Miyata et al., 1985; Hemingway, 2000 
 
 Target site insensitivity (knock 
down resistance)  
 
Hama et al., 1987; Schuler et al., 1989; 
Tsukahara et al., 2002; Kwon et al., 
2004 
 
Bacillus thuringiensis Target site insensitivity (reduced 
toxin binding to the midgut; reduced 
proteolytic activation at the receptor 
site of the epithelial cells) 
  
Ferré et al., 1991; Tabashnik et al., 
1994b; Tang et al, 1996; Wright et al., 
1997; Sayyed et al., 2000b; Liu et al., 
2000; Sayyed et al., 2001b. 
Benzoylureas (IGRs) Metabolic (microsomal P450s;  
glutathione-S-transferase) 
 
Perng and Sun, 1987; Liu et al., 1989; 
Furlong and Wright, 1994 
Indoxacarb 
 
Metabolic (microsomal P450s; 
esterase) 
 
Sayyed et al., 2004; Sayyed and Wright 
2006 
 
Spinosad 
 
Metabolic (microsomal P450s) Sayyed and Wright 2004, 2006 
Diamides Target insensitivity IRAC, 2007. 
 Metabolic Glutathione-S-
transferase) 
Hu et al., 2014 
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1.3.6 Patterns of the spread of resistance 
The spread of insecticide resistant genes can occur through adaptation by gene replacement. 
Gene replacement may be caused by selection (local or global) and/ or genetic drift among 
alleles (Labbe et al., 2005). For example, the pattern of spread of resistance in P. xylostella is 
reportedly determined by local selection rather than gene flow of resistant alleles between 
populations (Endersby et al., 2008). This supports the finding of Cheng (1985) that the 
highest level of P. xylostella resistance is usually found in intensive vegetable growing areas, 
where there is a high selection pressure due to the frequent application of insecticides, rather 
than in scattered fields. This implies that exposure to selection pressure in an insect 
population has more influence on the spread of resistance than genetic drift through migration 
(Endersby et al., 2008).   
 
1.3.7 Insecticide resistance and P. xylostella  
Plutella xylostella is one of the few insect species that has developed field resistance to all 
major classes of insecticides (Furlong et al., 2013; Table 1.2) and the pest is ranked second 
in the Arthropod Pesticide Resistance Database (APRD) for number of active ingredients with 
reported resistance in at least one population worldwide (APRD 2012). In 2012, the APRD 
listed 82 compounds for which insecticide resistance in P. xylostella has been reported 
(APRD 2012). Plutella xylostella was the first species to develop field resistance to Bacillus 
thuringiensis (Bt) Cry toxins (Tabashnik 1990) and it is one of only three insect species to 
have developed field resistance to Bt-based spray products (APRD 2012); this resistance is 
extremely widespread and it is particularly prevalent in Asia (Table 1.2). In addition, the 
species has developed resistance to spinosad and spinosyns (e.g. Mau and Gusukuma-
Minotu, 2000; Kao and Cheng, 2001), indoxacarb (e.g. Zhao et al., 2003), avermectins (e.g. 
Iqbal et al, 1996), pyrethroids (e.g. Sun et al., 1986), phenylpyrazoles (e.g. Kao and Cheng, 
2001), nereistoxin analogues (e. g. Peres et al, 2000), neonicotinoids (e.g. Sayyed and 
Crickmore, 2007), diacylhydrazines (e.g. Zhou et al, 2011) and azadirachtin (Kao and Cheng, 
2001). Furthermore, recent reports show that P. xylostella developed field resistance to the 
anthranilic diamides chlorantraniliprole and flubendiamide within only two to three years of 
their introduction in the Philippines (Endralin et al., 2011) and Thailand (Sukonthabhirom et 
al., 2011) and to chorantraniliprole within two years of its introduction into China (Hu et al., 
2012, Wang and Wu, 2012). Plutella xylostella has also been reported to have developed 
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cross and multiple resistance to many insecticides (Iqbal et al., 1996; Zhao et al., 2002; 
Sayyed et al., 2004).  
Plutella xylostella has been reported from all of the Pacific island nations (Waterhouse 
1990) and it has long been regarded as a priority for research due in part to enduring reports 
of insecticide resistance to organophosphate and pyrethroid insecticides in the Cook Islands 
(Totokoitu Research Station report, 1990) and Fiji (Waterhouse, 1990). However, all reports 
of insecticide resistant populations of P. xylostella in Fiji remain anecdotal and no previous 
formal scientific studies have addressed the issue. Reliance on vague information to make 
decisions in the management strategies of P. xylostella is inappropriate and there is an urgent 
need to provide accurate, current information regarding the resistance status of this pest in 
the region. 
Brassica vegetable farmers in the Sigatoka valley, Fiji have reported the non-
effectiveness of currently available insecticides against P. xylostella, causing concern that the 
pest may have developed resistance to at least some of the commonly used insecticides 
(Nand and Prasad, 2005). Many of the insecticides used to control P. xylostella in Fiji have 
been used in other countries and resistance has been reported to all but the insect growth 
regulator lufenuron (e.g. Sayyed and Wright, 2006; Pereira et al., 2006; Mau and Gusukuma-
Minotu, 2004; Pérez et al., 2000; Mohan Gujar, 2003b) (Table 1.3). Furlong et al. (2013) 
reviewed global reports of insecticide resistance reported from the field (Table 1.2) and 
described studies that showed that P. xylostella developed resistance to diamide insecticides 
that have recently been introduced to Fiji.  
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Table 1.2 Reports of P. xylostella resistance to insecticides in the field (1996–2012); adapted 
from Furlong et al. (2013). 
 
Insecticide class 
[Mode of Action] a Country (year of report) 
Resistance 
mechanisms reported  
Organophosphates 
[AChE inhibitors] 
Australia (1999, 2009), China (2011), 
Costa Rica (1999), India (1996, 2002, 
2004, 2006), Nicaragua (2000), 
Pakistan (2006), Philippines (2010), 
South Africa (1997), South Korea 
(2011) 
 
Mixed function 
oxidases, glutathione-
S-transferase 
Carbamates 
[AChE inhibitors] 
China (2011), India (2002, 2006), 
South Africa (1997), South Korea 
(2011), Taiwan (2001) 
 
None 
 
 
 
Pyrethroids  
[Na+ channel inhibitors] 
Australia (1999, 2008, 2009, 2011), 
Brazil (2011), China (2000, 
2006,2011), India (1996, 2002, 2004, 
2006, 2009), Japan (100), Malaysia 
(2007), New Zealand (1997), 
Nicaragua (2000), Pakistan (2005, 
2006, 134), Philippines (2010), South 
Africa1997), South Korea (2004), 
United States (2000) 
 
Mixed function 
oxidases, glutathione-
S-transferase, 
knock-down resistance 
(Na+ channel) 
Indoxacarb 
[Na+ channel blocker] 
 
 
Australia (2009), Brazil (2011), 
Malaysia (2004, 2006), United States 
(2006), Pakistan (2005) 
 
Mixed function 
oxidases, glutathione-
S-transferase), 
esterase 
 
Avermectins 
[Cl− channel activators] 
 
Brazil (2011), China (2003, 2006, 
2010, 2011), Malaysia (1996, 1997, 
2004), Pakistan (2005), Taiwan 
(2001) 
 
 
Mixed function 
oxidases, esterase 
Cyclodiene 
organochlorines 
 [GABA) Cl− channel 
antagonists] 
 
India (2004, 2002) 
 
 
 
 
 None 
 
 
 
 
Phenylpyrazoles 
[GABA) Cl− channel 
antagonists] 
 
China (2011), Malaysia (2004), India 
(2003), Taiwan (2001) 
None 
 
 
 
Spinosyns 
[nAChR activators] 
Malaysia (2004), United States (2004, 
2006, 2010), Pakistan (2005), Taiwan 
(2001) 
Probably not mixed 
function oxidases or 
esterase  
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Table 1.2 (continued) 
  
Insecticide class 
[Mode of Action] a Country (year of report) 
Resistance 
mechanisms reported  
Nereistoxin analogs 
[nAChR blockers] 
 
China (2011), India (2003), Taiwan 
(2001), Nicaragua (2000) 
 None 
Neonicotinoids 
[nAChR agonists] 
 
Malaysia (2007) 
 
   
Bt (kurstaki,Cry1A) 
[disruption of midgut 
membranes] 
Central America (1997), China (2006, 
2010, 182), India (2002, 2006, 176), 
Malaysia (1996, 2004), United States 
(1996, 1997), Taiwan (2001), 
Thailand (1999) 
 
No binding to mid gut 
membrane  
Bt (aizawai,Cry1C)  
[disruption of midgut 
membranes] 
Malaysia (1996, 2004), United States 
(1996), Taiwan (2001), Thailand 
(1999) 
 
 None 
 
 
 
Chlorfenapyr 
[oxidative 
phosphorylation 
uncoupler] 
 
China (2011), Taiwan (2001) 
 
 
 
 
None 
 
 
 
 
Benzoylureas 
[chitin synthesis 
inhibitors] 
Brazil (2011), China (2003, 2006), 
Japan (1998), Malaysia (1996, 1997), 
Nicaragua (2000) 
 
Mixed function 
oxidases, esterase 
Diacylhydrazines 
[ecdysone agonists] 
 
China (2011) 
 
 
 None 
 
 
Azadirachtin 
[unknown] 
 
Taiwan (2001) 
 
 
 None 
 
 
Anthranilic diamides 
[ryanodine receptor 
modulators] 
Philippines (2011), Thailand (2011) 
China (2012, 2012) 
 
 None 
 
 
aAChE= acetylcholinesterase; GABA= γ-aminobutyric acid; nAChR= nicotinic acetylcholine 
receptor  
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1.4 Insecticides tested for resistance in this study  
Insecticides are classified by their mode of action and there are over thirty main groups based 
on primary site of action (target site); they can be further segregated into over 50 chemical 
sub-groups followed by hundreds of compounds classed according to their active ingredients 
(IRAC, 2012). Deltamethrin, spinosad, Bacillus thuringiensis, indoxacarb, lufenuron and 
chlorantraniliprole have been used to control P. xylostella worldwide and they currently form 
the principal methods for insecticidal control of P. xylostella in Fiji (Atumurirava and Furlong, 
2011) and throughout much of the Pacific.  
 
1.4.1 Deltamethrin (Suncis®) 
Deltamethrin was the first industrially synthesized, non-composite pyrethroid with a single d-
cis isomer. It is extremely toxic to most insect pests, especially Lepidoptera, Diptera, and 
Coleoptera, but relatively safe to mammals. It possesses repellent properties that result in 
changes in behavioural traits that affect dispersal and feeding and cause hyperactivity in 
larvae and adults  (Laguna and Baquio, 1981; Kaohsiung, 1984). Deltamethrin is a broad-
spectrum pyrethroid that is widely used to control many insect pests, including P. xylostella, 
by targeting the sodium channels within the insect nervous system and interfering with the 
transmission of nerve impulses (Fishel, 2005). Resistance to deltamethrin can involve 
metabolic mechanisms (Sun et al., 1986) or conformational changes to sodium-channels 
mutation (kdr) (Williamson et al., 1996; Brun-Barale et al., 2000).  
 
1.4.2 Bacillus thuringiensis (Delfin®) 
Most insecticides target the insect nervous system as their primary mode of action, however, 
Bacillus thuringiensis (Berliner) (Bt) has a unique mode action (Heckel et al., 2001). 
Insecticidal toxins from the bacterium B. thuringiensis are produced upon sporulation. The 
crystalline (Cry) proteins produced by certain strains dissolve in the gut of susceptible larvae 
following ingestion (Heckel et al., 2001). The insect’s own proteases are required to partially 
digest and convert the protoxins to activated toxins which bind to the brush border membrane 
of the midgut causing formation of pores in the membrane, lysing the epithelial cells and 
eventually killing the insect (Heckel et al., 2001). Resistance mechanisms to Bt are 
associated with reduced toxin binding to the midgut (Ferré et al., 1991) and reduced 
proteolytic activation (Liu et al., 2000; Sayyed et al., 2001b). Although Bacillus thuringiensis 
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has been used to control P. xylostella in Fiji, its use has been limited in recent years (Lal and 
Prasad, 2005).  
 
1.4.3 Indoxacarb (Steward®) 
Indoxacarb, discovered and developed by E.I. Du- Pont and Co., is a voltage-dependent 
sodium channel blocker with activity against a wide range of Lepidoptera, Coleoptera, and 
sucking insect pests (McCann et al., 2001). It is a selective insecticide that can be highly 
effective against P. xylostella in the field (Liu et al., 2003). Indoxacarb is used on vegetables 
and was designated a reduced-risk product by the U.S. Environmental Protection Agency 
(Du-Pont 1998). Decreased control efficacy against P. xylostella with indoxacarb has been 
observed in Hawaii (Liu et al., 2003) and field evolved resistance to indoxacarb has been 
reported (Zhao et al., 2006). 
 
1.4.4 Lufenuron (Match®) 
Lufenuron is a benzoylurea insect growth regulator which targets chitin synthesis and causes 
an inhibition of insect moulting by intervention in the metabolic processes associated with 
integument formation; it targets immature Lepidoptera, Thysanoptera and Coleoptera in crops 
such as maize, cotton and vegetables (Syngenta, 2011) and its selectivity make it suitable for 
use in IPM. Lufenuron has been used in IPM of P. xylostella in Mauritius (Facknath, 1997), 
India (Sarfraz and Keddie, 2005) and Fiji (Lal and Prasad, 2005).  
 
1.4.5 Chlorantraniliprole (Prevathon®) 
Chlorantraniliprole is the latest insect control compound produced by DuPontTM and the latest 
insecticide from a new chemistry, the anthranilic diamides. It is selective and has limited 
impact on non-target arthropods such as parasitoids, predators and pollinators but is effective 
against almost all economically important Lepidoptera, making it highly compatible with IPM 
and insecticide resistance management (IRM) programmes. It has been used in Fiji since 
2009. 
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Table 1.3 Records of resistance of P. xylostella to the test insecticides used in the study 
Insecticide Remarks on resistance References 
Deltamethrin (Suncis®) Field in Taiwan Sun et al., 1986. 
 Field in Brazil Branco and Gatehouse, 1997. 
 Field in Nicaragua Pérez et al., 2000. 
Bacillus thuringiensis (Bt) Field in Hawaii Tabashnik et al., 1990 
 Field in Philippines Ferré et al., 1991. 
 Field in Japan Morishita et al., 1992. 
 Field in Florida Shelton et al., 1993. 
 Field in Malaysia Iqbal et al., 1996. 
 Field in Central America Pérez and Shelton, 1997. 
 Field in India Mohan and Gujar, 2003b. 
Indoxacarb (Steward®) Field in Hawaii Zhao et al., 2003. 
 Field in Hawaii Mau and Gusukuma-Minotu, 2004 
Lufenuron (Match®) Lab in India 
No field records as yet 
Pereira et al., 2006. 
 
Chlorantraniliprole 
(Prevathon®) 
Field in Philippines 
Field in Thailand 
Field in China 
 
Edralin et al., 2011 
Sukonthabhirom et al., 2011 
Hu et al., 2012; Wang and Wu, 
2012. 
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1.5 Aims and significance of the study 
The overall aim of the study was to determine the status of P. xylostella resistance to 
commonly used insecticides in Fiji. Specifically the following questions were addressed: 
i. Is there evidence of P. xylostella resistance to the insecticides commonly used 
against it in Fiji, and if so, what levels of resistance are exhibited by field 
populations? 
ii. How widespread is insecticide resistance in Fiji and do patterns of resistance vary 
between the major vegetable production regions? 
iii. Can resistance be selected in the laboratory and if so, is it stable?  
iv. If resistance is detected and selected, is there any cross-resistance between any of 
the major insecticide groups currently used for P. xylostella management 
insecticides?  
v. What are the fitness costs of resistance to P. xylostella?  
 
The provision of the first documented evidence of insecticide resistance by Fijian populations 
of P. xylostella will be a significant achievement and will provide baseline data on the status of 
P. xylostella insecticide resistance that can be used for future reference to identify changes in 
the susceptibility of populations to given insecticides. Knowledge of the insecticide resistance 
status of the pest is important for insecticide resistance management (IRM) of P. xylostella an 
essential goal if the currently available suite of selective, IPM compatible insecticides that are 
available for P. xylostella management is to be preserved.  These research questions are also 
relevant to other Pacific Island countries where work is yet to be undertaken but where 
insecticide resistance in P. xylostella populations is strongly suspected.  
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Chapter 2: General Materials and Methods 
 
2.1 Introduction 
This chapter presents the materials and methods that were common to many of the 
experiments reported in the thesis. These include descriptions of the insecticides, collection 
sites, insect collection and culture establishment, insect rearing methods, insecticide bioassay 
methods and methods for growing host plants. 
 
2.2 Insecticides 
The insecticides deltamethrin (Suncis®- 25g ai/ kg), indoxacarb (Steward®- 200g ai/ L) and 
chlorantraniliprole (Prevathon®- 50g ai/ kg) were purchased from AgChem Fiji Ltd., the 
national agent for DupontTM in Fiji. Lufenuron (Match®- 50g ai/ L) was bought from Morris & 
Hedstrum Fiji Ltd., the national agent for SyngentaTM in Fiji and Bacillus thuringiensis subsp. 
kurstaki strain HD-1 (Bt-k) (Dipel®DF- 540g toxin/ kg)) was supplied by Landmark Ltd., 
Australia. All commercial insecticide formulations were stored in a dark chemical cupboard at 
room temperature. 
 
2.3 Plants - Chinese cabbage (Brassica rapa var. chiniensis, Pak choy) 
Chinese cabbage seedlings were raised from seed in seedbeds. Poultry manure was 
thoroughly mixed with riverbank soil then Chinese cabbage seeds were sparsely broadcasted 
over the top of the soil and then seeds were covered by a fine layer of soil. The soil was kept 
moist by regular irrigation using fine sprays from a hose. After germination, seedlings were 
thinned and then transplanted into potting bags filled with mixture of riverbank soil and poultry 
manure when they were four weeks old. Transplanted seedlings were then transferred to a 
shade house where they were reared under ambient conditions for another two- three week, 
by which time they were six- seven weeks old and they has developed to the 7-8 leaf stage. 
They were then used in bioassays and for rearing. To maintain a steady supply of plants of 
this age throughout the study approximately 30 seedlings were transplanted into potting bags 
each week. 
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2.4 Insects 
2.4.1 Rearing methods 
All P. xylostella populations were reared separately in the laboratory at 25oC ± 2oC, RH 75% 
and a 12: 12 h L: D cycle. Adult moths were held in wooden framed muslin covered 
oviposition cages (45 x 45 x 45cm) containing a fresh potted Chinese cabbage plant (7-8 leaf 
stage) and an adult food source (20% w/v aqueous honey solution). Plants were exposed to 
adult moths for 24 h and replaced daily. Each egg-laden plant was labelled with the P. 
xylostella population name and oviposition date and placed into a separate cage that 
contained no adult moths; plants containing eggs of different populations were kept 
separately from each other. When the eggs on a plant hatched, the plant was cut at its base, 
transferred to a ventilated plastic box (10 x 20 x 30 cm) and covered with freshly excised 
Chinese cabbage leaves. Old dry leaves were removed daily and replaced with fresh leaves. 
When the insects developed to pupae they were carefully removed from the rearing box and 
stored in labelled Petri dishes (9cm diameter) before being used to maintain the culture.  
 
2.4.2 Insecticide susceptible reference population 
An insecticide susceptible P. xylostella population (Waite population; > 200 individuals used 
to initiate the culture) was obtained from the South Australian Research and Development 
Institute (SARDI) in Adelaide, South Australia, Australia, where it had been kept for more than 
200 generations without exposure to insecticides.  
 
2.4.3 Collection and establishment of P. xylostella field populations 
Between September and December 2008 approximately 830 P. xylostella larvae and pupae 
were collected from commercial cabbage crops in the lower and mid regions of the Sigatoka 
valley, Viti Levu (Figure 2.1). The first collection on 23rd September consisted of 
approximately 100 larvae and 30 pupae. The second collection on 16th October consisted of 
approximately 200 larvae and 200 pupae; approximately 28% of pupae were parasitized by 
Oomyzus sokolowskii Kurdjumov (Hymenoptera: Eulophidae). The third collection on 3rd 
December consisted of approximately 200 larvae and 200 pupae. Larvae were kept in 
ventilated plastic boxes (10 x 20 x 30 cm) while the pupae were held in Petri dishes (5 cm 
diameter). Insects were reared at 16°C to slow their development and synchronize the 
different field collections. Following the third collection, insects collected at the different times 
were mixed together to form a composite population (Sigatoka population-SIGA). 
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In 2009 separate P. xylostella populations were established from collections of larvae 
and pupae from commercial cabbage farms located in the lower, mid and upper regions of the 
Sigatoka valley (Figure 2.1). Approximately 500 larvae and pupae were collected from lower 
valley sites (Sigatoka Lower Valley population; SLV) on 22nd August, approximately 500 
larvae and pupae were collected from mid valley sites (Sigatoka Mid Valley population; SMV)) 
on 23rd September, and approximately 700 larvae and pupae were collected from upper 
valley sites (Sigatoka Upper Valley population; SUV) on 26th September (Figure 2.1).  On 21st 
September approximately 400 P. xylostella larvae were collected from a Chinese cabbage 
field at the Fiji College of Agriculture Farm, Koronivia in the east of Viti Levu (Fiji College of 
Agriculture population; FCA) (Figure 2.1). Finally a P. xylostella population was established 
from approximately 800 larvae and pupae collected from cabbage plots near Labassa 
(Labassa strain; LAB) on the island of Vanua Levu on 26th October (Figure 2.1). 
 
 
 
Figure 2.1. Field sites from which Plutella xylostella field populations were collected for the 
2008 and 2009 studies. 2008 study: P. xylostella collected from the Sigatoka lower valley 
(SLV) and Sigatoka mid valley (SMV) on Viti Levu, collections combined to form the 
composite SIGA population. 2009 study: separate P. xylostella populations collected from 
LAB 
FCA 
SMV SLV 
SUV 
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Labasa (LAB) on Vanua Levu and Fiji Agricultural College, Koronivia (FAC), Sigatoka upper 
valley (SUV), Sigatoka mid valley (SMV) and Sigatoka lower valley (SLV) on Viti Levu. 
 
 
 
2.4 Insecticide bioassays 
2.4.1 Leaf-dip method 
A standard leaf-dip bioassay method that was modified from previous studies (Furlong, 1993; 
Sayyed et al., 2000; Endersby, 2001; Endersby et al., 2008) was used for all test insecticides 
(deltamethrin, indoxacarb, lufenuron, Bt-k and chlorantraniliprole). Test solutions of each 
insecticide were prepared from commercial formulations using distilled water and 0.03% 
Tween-80 as a surfactant. Leaf discs (4.8 cm diameter) were cut from the middle leaves of 
Chinese cabbage plants and then immersed in the test solution for 10 seconds; excess 
solution was allowed to drip off from the leaf discs for another 10 seconds and then treated 
leaf discs were carefully placed, abaxial surface uppermost, on corrugated aluminium foil to 
dry for 1 h. Control leaf discs were treated by immersion in distilled water containing 
surfactant (0.03% Tween-80) only and then drained and dried in the same manner as 
insecticide treated leaf discs. Four leaf discs were treated with each test solution and the 
control. When dry, treated leaf discs were placed individually into Petri dishes (5cm diameter) 
lined with moist Whatman No.1 filter papers; 10 early 3rd instar larvae were then carefully 
introduced to each Petri dish. In a given bioassay for a given insecticide six to seven test 
insecticide solutions and a Tween-80 control were tested. Petri dishes were taped together, 
placed in a ventilated plastic container and incubated at 25oC ± 2oC, RH 75% and a 12: 12 h 
L: D cycle. Treated leaf discs were removed after 48 h and replaced with fresh untreated 
Chinese cabbage leaves. Assessment of mortality varied between test insecticides: mortality 
caused by deltamethrin, indoxacarb and chlorantraniliprole was assessed after 72 h, while 
mortality caused by lufenuron and Bt-k was assessed after 96 h. Mortality was determined by 
prodding each larva gently with a paint brush; any larva that did not respond to touch was 
recorded as dead. 
 
2.4.2 Insecticide bioassay data analysis 
The insecticide concentration-mortality data were subjected to logit analysis (Finney, 1971) 
using Polo Plus version 1.0 (LeOra Software, 2010). LC50 values, their associated 95% 
confidence intervals and the slope (±SE) of the regression were calculated. Resistance ratios 
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(RR) for given insecticides were determined by dividing the estimated LC50 of test field 
population by LC50 of the susceptible Waite population. For a given insecticide, LC50 values 
were considered to be significantly different from each other if their confidence intervals did 
not overlap. 
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Chapter 3. Insecticide use for Brassica insect pest management in Fiji and baseline 
responses of field Plutella xylostella populations to commonly used insecticides. 
 
3.1 Introduction 
Head or “English” cabbage (Brassica oleracea var. capitata) and Chinese cabbage (Brassica 
rapa var. chiniensis) are among the principal vegetable crops produced in the Sigatoka valley, 
where they are cultivated intensively both as cash crops to meet market demands and for 
local consumption (Prasad and Lal, 2006; Fink et al., 2013). The intensive production 
practices adopted include considerable inputs of synthetic insecticides to control the major 
pests, Plutella xylostella L. (Lepidoptera: Plutellidae) and Crocidolomia pavonana F. 
(Lepidoptera: Crambidae), that are considered by most farmers to be the greatest constraint 
to production (Prasad and Lal, 2006). Consequently there have been anecdotal reports of 
reduced effectiveness of some insecticides and there are mounting concerns regarding 
insecticide residues on vegetables that enter the food chain. Despite these real concerns, as 
is typical elsewhere in the world (Mazlan and Mumford 2005), reliable data on farm practices, 
particularly regarding the current nature and frequency of synthetic insecticide inputs, is not 
available. In order to provide up to date information, a survey of the pest control practices 
adopted by farmers in the Sigatoka valley, the major vegetable production region in Fiji, was 
conducted to evaluate the level of insecticide use. The survey was coupled with studies to 
evaluate the susceptibility of P. xylostella to the different insecticides commonly used for 
insect pest control in Brassica crops. Field populations of P. xylostella collected from different 
areas of the Sigatoka valley, the less intensively farmed area north of Suva in the east of Viti 
Levu and from the Labassa region of Vanua Levu to determine local and regional patterns of 
susceptibility to different insecticides. Such studies are essential to identify potential 
resistance problems and to provide the baseline data that is necessary to underpin the design 
of insecticide resistance management strategies. 
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3.2 Materials and methods 
3.2.1 Farmer survey to determine insecticide use in the mid and lower regions of the 
Sigatoka valley 
In late 2009, a short written survey was conducted with 21 full-time vegetable farmers in the 
lower and mid regions of the Sigatoka valley. The farmers were selected at random but all 
were growing a cabbage crop at the time of the survey, which was conducted over two 
consecutive days. The participating farmers were asked a short series of questions designed 
to establish the insecticides used for Brassica insect pest management, how frequently they 
were applied and whether framers considered these products to be effective (see Appendix 
1).  
 
3.2.2 Responses of field collected and Waite populations to test insecticides 
After establishment in culture in 2008 (Chapter 2 Section 2.3.3), the SIGA and Waite 
populations of P. xylostella were reared in the laboratory for three and four generations 
respectively. The susceptibility of each population to deltamethrin, indoxacarb, lufenuron and 
Bt-k in standard leaf-dip bioassays (Chapter 2 Section 2.4.1) was then determined at 
generation 4 (F4) for the SIGA population and generation 5 (F5) for the Waite population. The 
bioassays for each of the different populations were conducted simultaneously. For each test 
insecticide, six to seven concentrations plus an untreated control were tested: deltamethrin 
(range: 0.09- 300 ppm); indoxacarb (0.225- 225 ppm); lufenuron (0.3- 100 ppm) and Bt 
(0.0003- 0.1 ppm).  Similarly, the susceptibility of the SUV, SMV, SLV, FCA and LAB field 
populations and the Waite population to deltamethrin, indoxacarb, lufenuron and Bt-k was 
also measured in standard leaf-dip bioassays. The SUV, SMV, FCA and LAB populations 
were all tested at generation 1 (F1) after field collection, the SLV population was tested three 
generations (F3) after field collection and the Waite population was tested 16 generations 
(F16) after culture establishment. For a given population, the bioassays on the different 
insecticides were conducted simultaneously. For practical reasons, not all populations could 
be tested at exactly the same time; however they were tested while the Waite population was 
at generation F16, to ensure that comparisons with this reference population were valid. For 
each test insecticide, six to seven concentrations plus an untreated control were tested: 
deltamethrin (range: 0.09- 300 ppm); indoxacarb (0.225- 225 ppm); lufenuron (0.3- 100 ppm) 
and Bt (0.0003- 0.1 ppm).  
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All concentration-mortality data were subject to logit regression analysis in POLO-PC 
as previously described (Chapter 2, Section 2.4.2). 
 
3.3 Results 
3.3.1 Farmer survey to determine insecticide use in the mid and lower regions of the 
Sigatoka valley 
At the time of the survey, a total of 14 different insecticides were used by farmers to manage 
insect pests in Brassica crops; 13 of these were used against the major lepidopteran pests, P. 
xylostella and and C. pavonana (Table 3.1). Five different pyrethroid products, two 
organophosphate products and single carbamate, benzoylurea, indoxacarb, spinosyn, 
Bacillus thuringiensis and diamide products were used (Table 3.1). Although five different 
pyrethroid products were used, four of these contained the same active ingredient, permethrin 
(Table 3.1).  
Twenty (95%) of the 21 farmers surveyed used one or more of the pyrethroid products (Figure 
3.1); 14 used Suncis (deltamethrin), 18 used Turbo (permethrin), six used Attack (Permethrin 
and pyrimiphos methyl), four used Crop Guard (permethrin) and two used Sunothrin 
(permethrin). Seventeen famers used Steward (indoxacarb), while seven farmers used a 
benzoylurea (lufenuron) and six used organophosphates (two used malathion and four used 
acephate) (Figure 3.1). Use of the remaining products was limited to single or very few 
farmers (Figure 3.1). 
Typically insecticide use by farmers was intensive; 65% of farmers surveyed typically applied 
insecticides to their Brassica crops two times per week, while 16% applied insecticides once a 
week and the remaining 20% typically applied insecticides three times per week (Figure 3.2). 
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Table 3.1. Insecticides used against Brassica insect pests in the Sigatoka valley. 
 
Product  Active ingredienta Group  Mode of action (IRAC MoA 
Group)b 
Key target pests 
Orthene acephate Organophosphate ACHE inhibitor (1B) P. xylostella, C. pavonana 
Malathion malathion Organophosphate ACHE inhibitor (1B) P. xylostella, C. pavonana 
Lannate methomyl Carbamate ACHE inhibitor (1A) P. xylostella, C. pavonana 
Crop guard permethrin Pyrethroids  Na channel modulator (3A) P. xylostella, C. pavonana 
Attack Permethrin/pyrimiphos methyl Pyrethroid/ Organophosphate Na channel modulator (3A) P. xylostella, C. pavonana 
Sundothrin permethrin Pyrethroids Na channel modulator (3A) P. xylostella, C. pavonana 
Turbo permethrin Pyrethroids Na channel modulator (3A) P. xylostella, C. pavonana 
Suncis deltamethrin Pyrethroids Na channel modulator (3A) P. xylostella, C. pavonana 
Match lufenuron Benzoylureas Chitin synthesis disruptor (15) P. xylostella, C. pavonana 
Steward indoxacarb Indoxacarb Voltage dependent Na channel 
blocker (22A) 
P. xylostella, C. pavonana 
Confidor imidacloprid Neonicotinoids NACHR agonists (4A) Aphids 
Success spinosad spinosyns NACHR allosteric activators (5) P. xylostella, C. pavonana 
Delfin Bt-kurstaki Bacillus thuringiensis Mid gut membrane disruption 
(11A) 
P. xylostella, C. pavonana 
Prevathon Chlorantraniliprole Diamides Ryanodine receptor modulators P. xylostella, C. pavonana 
a
 Bt-kurstaki= Bacillus thuringiensis subsp. kurstaki b  IRAC MoA Group= Insecticide Resistance Action Committee Mode of Action Group. ACHE= 
acetylcholinesterase, NACHR= nicotinic acetylcholine receptor.
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Figure 3.1. Proportion of cabbage famers in the Sigatoka valley using different groups of 
insecticides for insect pest control in 2009 
 
 
Figure 3.2. Typical number of insecticide applications made to cabbage crops by farmers in 
in the Sigatoka valley in 2009 
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3.2.2 Responses of field collected and Waite populations to test insecticides  
The Waite population demonstrated remarkable stability in its response to all test insecticides 
over a period of 11 generations and no measureable change in the response of this 
population to any of the test insecticides was detected during the study (Tables 3.2- 3.5). 
All field populations were significantly less susceptible to deltamethrin than the Waite 
population; significant resistance to the insecticide was detected in all field populations except 
the FCA population (Table 3.2). The SIGA population was least susceptible to deltamethrin 
and demonstrated a RR of 487, despite being tested after being reared in the laboratory for 
four generations (Table 3.2). The SLV and LAB populations, which were tested after being 
reared in the laboratory for three generations and a single generation respectively, also 
exhibited high levels of resistance to deltamethrin (RR= 191 and 150 respectively), while the 
SMV and SUV populations showed significant but lower levels of resistance to deltamethrin 
(RR=42 and 41 respectively) when tested after being reared in the laboratory for a single 
generation (Table 3.2).  
All field populations demonstrated resistance to indoxacarb, with resistance ratios 
ranging from 89d for the SLV population to 12 for the FCA population (Table 3.3).  Resistance 
levels measured in populations collected from the Sigatoka valley (SIGA, SUV, SMV and SLV 
populations) were higher than those from measured in populations collected from the east 
coast of Viti Levu (FCA population) and from Vanua Levu (LAB population) (Table 3.3). 
Although the SIGA and SLV populations were reared in the laboratory for four and three 
generations respectively prior to testing, they still demonstrated high levels of resistance to 
indoxacarb (RR= 56 and 89 respectively) (Table 3.3). 
  While the FCA population demonstrated moderately high resistance to lufenuron (RR= 
29) all the other populations tested were susceptible to this insecticide (Table 3.3). Similarly, 
none of the populations tested demonstrated significant levels of resistance to Bt-k  (Table 
3.4) but the SIGA and SLV populations, the two populations that demonstrated greatest 
resistance to deltamethrin (Table 3.2), demonstrated lower susceptibility to this insecticide 
than the other populations tested (Table 3.4). 
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Table 3.2: Susceptibility of six field collected diamondback moth populations and the 
laboratory reference population to deltamethrin in standard leaf-dip bioassays.  
Population Generation n LC50 [ppm] (95% CI) slope (±SE)a χ2 (df) RR (95% CI)b 
SIGA F4 280 38.1 (16.8- 178.4) 1.19 (±0.23)* 14.0 (22) 487 (118-2000) 
SUV F1 280 3.46 (2.05- 5.95) 1.60 (±0.26)* 5.4 (22) 41 (16- 101) 
SMV F1 280 3.56 (1.91-7.17) 1.23 (±0.22)* 10.6 (22) 42 (16- 112) 
SLV F3 280 16.2 (10.2-22.5) 5.37 (±1.50)   14.1 (21) 191 (84- 434) 
FCA F1 280 0.28 (0.18-0.40) 2.71 (±0.43)* 17.5 (18) 3 (1-8) 
LAB F1 280 12.8 (3.37- 895) 0.47 (±0.16) 14.1(22) 150 (21- 1085) 
WAITE F5 280 0.08 (0.02- 0.16) 1.67 (±0.37) 10.6 (22) - 
  F16 280 0.09 (0.02-0.15) 2.18 (±0.57) 7.8 (13) - 
 
a
 Slopes for field collected populations marked with an * are not significantly different (P>0.05) 
to the slope of Waite population at the appropriate generation (SIGA, tested against Waite F5; 
all other field populations tested against Waite F16). 
b
 RR= resistance ratio [calculated as lethal dose ratio in Polo-Plus (Le Ora Software 2002)] 
 
 
 
Table 3.3: Susceptibility of six field collected diamondback moth populations and the 
laboratory reference population to indoxacarb in standard leaf-dip bioassays.  
Populatio
n 
Generatio
n n 
LC50 [ppm] (95% 
CI) slope (±SE) a  χ2 (df) 
RR (95% 
CI) b 
SIGA F4 320 2.83 (1.67-4.69) 2.18 (±0.26) * 36.8 (22) 56 (19-164) 
SUV F1 320 4.91 (2.99-8.95) 1.77 (±0.27) 20.9 (18) 86 (27-273) 
SMV F1 320 2.31 (1.55-3.44) 2.49 (±0.33) * 20.6 (18) 40 (13-124) 
SLV F3 320 5.10 (2.40-7.56) 4.22 (±1.09) * 22.7 (18) 89 (29-276) 
FCA F1 320 0.68 (0.44-1.00) 2.85 (±0.42) * 26.6 (25) 12 (4-39) 
LAB F1 320 0.85 (0.50-1.31) 1.75 (±0.25) 20.5 (22) 15 (5-48) 
WAITE F5 320 0.05 (0.01-0.12) 1.20  (±0.23) 14.4 (18) - 
  F16 320 0.06 (0.01- 0.16) 1.20 (±0.25) 19.8 (17) -  
 
a
 Slopes for field collected populations marked with an * are not significantly different (P>0.05) 
to the slope of Waite population at the appropriate generation (SIGA, tested against Waite F5; 
all other field populations tested against Waite F16). 
b
 RR= resistance ratio [calculated as lethal dose ratio in Polo-Plus (Le Ora Software 2002)] 
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Table 3.4: Susceptibility of six field collected diamondback moth populations and the 
laboratory reference population to lufenuron in standard leaf-dip bioassays.  
 
a
 Slopes for field collected populations marked with an * are not significantly different (P>0.05) 
to the slope of Waite population at the appropriate generation (SIGA, tested against Waite F5; 
all other field populations tested against Waite F16). 
b
 RR= resistance ratio [calculated as lethal dose ratio in Polo-Plus (Le Ora Software 2002)] 
 
 
 
Table 3.5: Susceptibility of six field collected diamondback moth populations and the 
laboratory reference population to Bt-k in leaf-dip bioassays.  
 
Population Generation n LC50 [ppm] (95% CI) slope (±SE) a χ2 (df) 
RR (95% CI) 
b
 
SIGA F4 280 0.0045 (0.0028-0.0079) 2.21 (±0.32) * 29.9 (18) 8 (3-19) 
SUV F1 280 0.0014 (0.0008-0.0022) 2.07 (±0.32) * 27.8 (22) 2 (1-4) 
SMV F1 280 0.0026 (0.0015-0.004) 2.01 (±0.33) * 18.9 (22) 4 (2-4) 
SLV F3 280 0.0068 (0.0037-0.0115) 2.50 (±0.39) * 31.1 (22) 10 (5 -19) 
FCA F1 280 0.0018 (0.0010-0.0029) 2.22 (±0.39) * 23.6 (18) 3 (1-5) 
LAB F1 280 0.0029 (0.0019-0.0046) 2.55 (±0.33) * 37.8 (22) 4 (2-8) 
WAITE F5 280 0.0006 (0.0002-0.0010) 1.67 (±0.39) 17.9 (18) - 
  F16 280 0.0007 (0.0003-0.0010) 2.41 (±0.47) 15.4 (22) - 
 
a
 Slopes for field collected populations marked with an * are not significantly different (P>0.05) 
to the slope of Waite population at the appropriate generation (SIGA, tested against Waite F5; 
all other field populations tested against Waite F16). 
b
 RR= resistance ratio [calculated as lethal dose ratio in Polo-Plus (Le Ora Software 2002)] 
 
 
 
 
Population Generation n LC50 [ppm] (95% CI) slope (±SE) a χ2 (df) RR (95% CI) b 
SIGA F4 280 1.41 (0.98-1.96) 2.63 (±0.36)* 9.6 (18) 3 (2-6) 
SUV F1 280 1.80 (0.86-3.09) 1.65(±0.28)* 15.5 (22) 4 (2-11) 
SMV F1 280 0.88 (0.33-1.69) 1.23 (±0.22)* 13.7 (22) 2 (1- 6) 
SLV F3 280 3.25 (1.61-6.02) 1.20 (±0.19)* 24.4 (22) 8 (3-20) 
FCA F1 280 11.7  (5.8 -24.8) 1.29 (±0.26)* 8.5 (22)  29 (11-79) 
LAB F1 280 1.33 (0.67-2.25) 1.36 (±0.24)* 9.7 (18) 2 (1-8) 
WAITE F5 280 0.44 (0.23-0.68) 2.12 (±0.36) 9.1 (18) - 
  F16 280 0.40 (0.13-0.72) 1.95 (±0.45) 8.7 (14) - 
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3.4 Discussion 
Brassica farmers in the Sigatoka valley rely exclusively on insecticides for insect pest 
management in their crops.  Farmers taking part in the survey used a total of 13 different 
commercial insecticide products to manage pest Lepidoptera (Table 3.1). Pyrethroid 
insecticides were the most commonly used insecticide group (used by 95% of farmers, Figure 
3.1), while organophosphate insecticides were used by 24% of farmers (Figure 3.1). This 
represents a considerable change from practices in the region in 2006 when 40% of farmers 
surveyed in the Sigatoka valley used organophosphate insecticides and only 34% used 
pyrethroid insecticides (Prasad and Lal, 2006). In the 2009 survey farmers reported using 
multiple products; 95% of farmers used pyrethroids (permethrin and/or deltamethrin), 81% 
used indoxacarb, while 33% used lufenuron and 29% used organophosphates (Table 3.1 and 
Figure 3.1). Further, 86% of farmers used the commercial product Turbo (active ingredient 
permethrin) but farmers also used other commercial products (Crop Guard, Attack and 
Sunothrin) that contained the active ingredient permethrin (Table 3.1), meaning that rotation 
between these products would ensure repeated exposure of target pests to this active 
ingredient.  
The frequency of insecticide use by farmers was high; 64% of farmers typically applied 
insecticides to their Brassica crops on two occasions per week, while 20% applied 
insecticides three times per week and the remaining 16% of survey participants applied 
insecticides on one occasion per week (Figure 3.1). Thus 84% of Brassica crops are typically 
treated with insecticide every three to four days. This represents extremely high insecticide 
use even compared with other tropical production areas such as the Cameron Highlands, 
Malaysia where more than 75% of Brassica farmers typically apply insecticides to their crop 
on one or fewer occasions per week (Mazlan and Mumford, 2005). It also represents an 
intensification of insecticide use in the Sigatoka valley from 2006, when 46% of farmers 
surveyed applied insecticides weekly and 50% applied them every two weeks (Prasad and 
Lal, 2006).  
 All field populations except the FCA population, which was collected from the east of 
Viti Levu, demonstrated significant levels of resistance to deltamethrin (Table 3.2). The SIGA 
population (RR=487) and SLV population (RR= 191) demonstrated particularly high levels of 
resistance to this insecticide (Table 3.2). Both populations originated from the lower reaches 
of the Sigatoka valley (Chapter 2, Figure 2.1), where the farmer surveys showed that use of 
pyrethroid insecticides was particularly intensive at the time when these populations were 
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collected (Table 3.1, Figures 3.1 and 3.2). The populations collected in the mid and upper 
ridges of the Sigatoka valley demonstrated lower levels of resistance to deltamethrin, possibly 
because these collection sites are at higher elevations and are consequently cooler than the 
lower ridges of the valley, resulting in slower pest population growth and lower insecticide 
inputs. However, without detailed information on the nature of insecticide use in these regions 
it is not possible to conclude that this is the only reason contributing to greater susceptibility to 
deltamethrin in these regions. Similarly, it is likely that deltamethrin use in the east of Vanua 
Levu is lower than in the Sigatoka valley while in the Labasa region it is likely to be similar, 
resulting in the high susceptibility of the FCA population to the insecticide and the high levels 
of resistance expressed to deltamethrin by the LAB population (Table 3.2). Such results are 
consistent with work elsewhere which shows that insecticide resistance patterns in P. 
xylostella populations typically reflect local insecticide use (Khaliq et al., 2007; Endersby et 
al., 2008). Interestingly, the SIGA and SLV populations that demonstrated the highest levels 
of resistance to deltamethrin in this study (Table 3.2) were both tested after several 
generations of rearing in the laboratory without exposure to insecticide. Consequently it is 
possible that the resistance levels measured underestimate resistance levels in the field at 
the time of collection. 
All populations collected from the Sigatoka valley (SIGA, SLV, SMV and SUV) 
demonstrated significant levels of resistance to indoxacarb but the populations collected 
elsewhere (FCA and LAB) showed only moderate levels of resistance (Table 3.3). The 
indoxacarb resistance expressed by the Sigatoka valley populations likely reflects the high 
levels of indoxacarb used against the pest in the lower parts of the valley (Table 3.1, Figures 
3.1 and 3.2) but, as there is evidence that deltamethrin can confer cross resistance to 
indoxacarb in P. xylostella (see Chapter 4, Table 4.2), the high levels of exposure of these 
populations to deltamethrin might also have contributed to the high levels of indoxacarb 
measured. The use patterns of deltamethrin and indoxacarb in the regions where the FCA 
and LAB populations were collected are not known, however, given the high susceptibility of 
the FCA population to deltamethrin it is unlikely that the moderate level of resistance exhibited 
to indoxacarb by this population was selected by the pyrethroid. Similarly, the relative rates of 
exposure of P. xylostella to indoxacarb and deltamethrin in the region where the LAB 
population was collected is not known and it is not possible to speculate on the selection 
pressure that resulted in the moderate level of indoxacarb resistance measured (Table 3.3) 
given the high level of resistance to deltamethrin measured (Table 3.2). 
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The susceptibility of all Sigatoka valley populations to lufenuron was high (Table 3.4), 
likely reflecting the low use of this insecticide in the valley (Table 3.1, Figures 3.1 and 3.2). 
Similarly, given the high susceptibility of the LAB population to this insecticide it is likely that 
lufenuron is not widely used in the locality where the LAB population was collected, resulting 
in high susceptibility to the insecticide (Table 3.4). The FCA population was the only 
population to demonstrate resistance to lufenuron (Table 3.4) and it demonstrated higher 
levels of resistance to this insecticide than to any other insecticide (Table 3.4). This possibly 
reflects higher relative use of the benzoylurea compared with other insecticides in this area 
but, without knowing local insecticide use, it is not possible to speculate on the processes that 
selected for the resistance patterns detected. 
There was no evidence for resistance to Bt-k in any of the field populations studied 
(Table 3.5). However, the SIGA and SLV populations, which were most resistant to 
deltamethrin (Table 3.2), did demonstrate higher resistance ratios (8 and 10 fold respectively) 
to Bt-k than the other field population (Table 3.5). Previous work elsewhere (Sayyed et al 
2008) has shown that selection with deltamethrin can select for resistance to Bt Cry toxins 
and that similar selection with Cry toxins can select resistance to deltamethrin. Whether this is 
due to a single mechanism acting on the different classes of insecticide or to genetically 
linked but separate mechanisms is currently unclear. 
The baseline data on the use of insecticides in the Sigatoka valley, the major vegetable 
production area of Fiji, and the apparent correlation between local insecticide use and 
insecticide resistance patterns provides a starting point to evaluate insecticide use in the 
country. These data are essential for the longer term aim of developing an insecticide 
resistance management strategy to preserve the efficacy of the many selective insecticides 
that are essential for the development integrated pest management strategies for P. xylostella 
(Furlong et al 2013) but are not currently reliably available in the Fijian market. 
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Chapter 4. Stability of insecticide resistance and cross-resistance patterns following 
selection with deltamethrin or indoxacarb.  
 
4.1 Introduction 
Farmers in Fiji continue to depend on insecticides to control Plutella xylostella L. 
(Lepidoptera: Plutellidae) and typically adopt a calendar-based scheme for the application of 
the limited number of available insecticides (Fink et al., 2013; Chapter 3). In this study 
different populations of P. xylostella collected throughout Fiji have been shown to exhibit 
different resistance patterns that reflect the different insecticide regimes to which they have 
been exposed (Chapter 3).  
In addition to the resistance that might evolve in response to a given insecticide when 
a population is selected with it, selection can also confer cross-resistance to new insecticides, 
to which the population might never have been exposed (Sayyed and Wright 2004). In the 
absence of insecticide selection in the laboratory, insecticide resistance in P. xylostella is 
often unstable, reflecting the fitness costs associated with insecticide resistant phenotypes 
(Sayyed and Wright 2004, Sayyed et al 2005, Sayyed and Wright 2006). The rate at which 
resistance is lost in the laboratory depends on the fitness costs, initial gene frequencies and 
the dominance relationships between alleles responsible for resistance and susceptibility 
(Sayyed and Wright 2006).  Understanding cross-resistance patterns and the stability of 
different resistance mechanisms in specific populations underpins the development of 
insecticide resistance management (IRM) programmes to prevent or minimise the spread of 
resistance. Such understanding can provide valuable information to help manage the 
introduction of new insecticides so that the risk of the development of insecticide resistance is 
minimized (Sayyed and Wright 2004). It also informs on the threat of the re-emergence of 
resistance to a given insecticide if it is re-introduced into a region following the evolution of 
resistance previously (Ninsin and Tanaka, 2005). The re-introduction of such an insecticide 
would require strategic integration with other insecticides of different modes of action in an 
IRM strategy to maintain its efficacy against (Sarfraz and Keddie, 2004).   
In this study, the stability of the documented resistance exhibited by the SIGA 
population to different insecticides was measured over 11 generations in the laboratory when 
the insects were reared in the absence of insecticides. The study was complemented by a 
similar study that investigated the stability of resistance to various insecticides in the SLV 
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population over five generations in the laboratory. The effect of re-selecting sub-populations 
of the SLV population with deltamethrin or indoxacarb on resistance to these compounds and 
on cross-resistance to other unrelated insecticides, including the anthralic diamide 
chlorantraniliprole, was also investigated. This is a necessary prelude to the development of 
an resistance management (IRM) strategy designed for the stewardship of this important new 
resource and to ensure the sustainability of Bt based products which are being introduced as 
part of integrated pest management (IPM) programmes and which, as such, have an integral 
role to play in the IRM strategy.  
 
4.2 Materials and methods 
4.2.1 Susceptibility of the SIGA population to insecticides in the absence of selection 
Following susceptibility assessment against all test insecticides at generation F4 (Chapter 3, 
Tables 3.2-3.5), larvae of the SIGA population were cultured in the laboratory in the absence 
of insecticides for another 11 generations to generation F15. The susceptibility of the SIGA 
population to all test insecticides was determined at generations F10 and F15, using the 
standard bioassay methods previously described (Chapter 2, section 2.4). The susceptible 
Waite population was also cultured in the laboratory and simultaneously subject to similar 
bioassays at the corresponding generations (generations F10 and F15). 
 
4.2.2 Stability of insecticide resistance in the SLV population and effects of selection 
with deltamethrin or indoxacarb  
Following susceptibility assessment against all test insecticides at generation F3 (Chapter 3, 
Tables 3.2-3.5), larvae of the SLV population were cultured in the laboratory in the absence of 
insecticides for another 2 generations to generation F5. The population was then split into 
three sub-populations: SLV-D (this population was selected with deltamethrin for the next 
three generations), SLV-I (this population was selected with indoxacarb for the next three 
generations) and SLV (the parent population was cultured in the absence of insecticides). For 
selection with deltamethrin and indoxacarb test solutions of 0.9ppm and 7.5 ppm respectively 
were prepared as these concentrations induced 65% and 80% mortality respectively in the 
SLV population at generation F3. To begin each selection, >300 larvae from the SLV 
population were exposed to each insecticide using the standard leaf-dip method (Chapter 2, 
section 2.4). Treated leaf discs were replaced with untreated fresh leaf material after 48hrs 
and larvae were reared to pupation in Petri dishes (5 cm diameter). Forty-eight hours after 
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each selection assay was set up a sub-sample of the larvae in four Petri dishes containing 
leaf material treated with each insecticide was examined and the mortality recorded before 
the surviving larvae were supplied with fresh untreated leaf and reared through to pupation 
along with the rest of their respective cohorts. The SLV population was reared as previously 
described (Chapter 2 Section 2.4.1), without exposure to either insecticide. This procedure 
was repeated for each population (i. e. SLV-D again exposed to deltamethrin, SLV-I again 
exposed to indoxacarb and SLV reared as usual in the absence of any insecticide) at 
generations F6 and F7. 
When the SLV-D and SLV-I populations had been selected with deltamethrin and 
indoxacarb respectively for three generations, the SLV (F8), SLV-D (F8), SLV-I (F8) and Waite 
(F20) populations were simultaneously subject to standard leaf dip bioassays (Chapter 2, 
Section 2.4) with all test insecticides. 
 
4.2.3 Susceptibility of field collected and laboratory reselected P. xylostella 
populations to chlorantraniliprole.  
Following culture in the laboratory in the absence of insecticide for 18 generations (SIGA 
(F18)) or five generations (SUV (F5), SMV (F5) and SLV (F5)), the four field populations were 
subjected to standard leaf dip bioassays with formulated chlorantraniliprole as previously 
described (Chapter 2, Section 2.4). Following selection for three generations in the laboratory 
the SLV-D and SLV-I laboratory selected populations were also subjected to standard leaf dip 
bioassays with formulated chlorantraniliprole. Concomitant standard leaf dip bioassays were 
simultaneously conducted on the Waite population at F18 and F20.  
 
4.3 Results 
4.3.1 Susceptibility of the SIGA population to insecticides in the absence of selection 
After eleven generations susceptibility of the Waite population to all test insecticides remained 
very stable (Table 4.1). Based on lack of overlap of the confidence intervals for the estimated 
LC50s, at the start of the experiment the SIGA population was significantly less susceptible to 
deltamethrin than the Waite population (Table 4.1) and the estimated resistance ratio was 487 
at F4 (Table 4.1). When reared in the absence of the insecticide, the SIGA population rapidly 
lost resistance to the deltamethrin and within six generations (F10) its susceptibility to 
deltamethrin was no longer significantly different to that of the Waite population (RR= 3 at F10 
and
 
RR= 1 at F15; Table 4.1). Similarly, the SIGA population was significantly less susceptible 
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to indoxacarb than the Waite population at the start of the experiment (RR= 56 at F4; Table 
4.1) but its susceptibility to indoxacarb was no longer significantly different to that of the Waite 
population by the end of the experiment (RR= 0.7 at F15; Table 4.1). However, the decline in 
resistance to indoxacarb occurred at a slower rate than the decline in resistance to 
deltamethrin; by generation F10 the SIGA population was still significantly less susceptible to 
indoxacarb than the Waite population and still exhibited a RR of 26 (Table 4.1), but by 
generation F15 the SIGA population showed no difference in susceptibility to indoxacarb when 
compared with the Waite population and the RR had declined to 0.7 (Table 4.1).  
At the start of the experiment, although the SIGA population at generation F4 
demonstrated significantly lower susceptibility to lufenuron than the Waite population (Table 
4.1), this only represented a RR of 3 (Table 4.1). This decreased susceptibility was lost within 
six generations (F10), by which time the susceptibility of the SIGA population to lufenuron had 
declined to the same level as that of the Waite population (SIGA F10 RR= 1; Table 4.1). 
Similarly, at the start of the experiment the SIGA population (F4) was significantly less 
susceptible to Bt-k than the Waite population (Table 4.1) but this only represented a RR of 8 
(Table 4.1). The SIGA population was not tested with Bt-k again until generation F15, by which 
time it did not demonstrate reduced susceptibility to Bt-k when compare with the Waite 
population (RR= 1 at F15; Table 4.1). 
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Table 4.1. Susceptibility of the SIGA P. xylostella population to test insecticides over time 
when cultured in the laboratory in the absence of insecticides.  
Population Insecticide Generation n LC50 (95% CI) slope (±SE)a χ2 (df) RR (95% CI)b 
SIGA Deltamethrin F4 280 38.1 (16.8- 178.4) 1.19 (±0.23)* 14.0 (22) 487 (118-2000) 
F10 280 0.20 (0.12-0.29) 2.10 (±0.33)* 6.1 (18) 3 (1.2-7.0) 
F15 280 0.101 (0.02-0.22) 1.38 (±0.29)* 14.1 (22) 1 (0.34-3.98) 
Indoxacarb F4 280 2.83 (1.67-4.69) 2.18 (±0.26) 36.8 (22) 56 (19.3-163.6) 
F10 280 0.93 (0.40-1.70) 1.49 (±0.245)* 22.7 (26) 26 (6.1-111.1) 
F15 280 0.11 (0.01-0.32) 1.16 (±0.25)* 20.0 (26) 2 (0.37-11.7) 
Lufenuron F4 320 1.41 (0.98-1.96) 2.63 (±0.36)* 9.6 (18) 3 (1.73-5.98) 
F10 320 0.43 (0.12-0.88) 1.28 (±0.24)* 11.6 (22) 1 (0.3 -3.9) 
F15 320 0.27 (0.07-0.52) 1.8 (±0.42)* 11.7 (18) 0.7 (0.22-2.1) 
Bt-k F4 280 0.005 (0.003-0.008) 2.21(±0.32)* 29.9 (18) 8 (3.5-19.5) 
F15 280 0.001 (0.0005-0.014) 2.7 (±0.59) * 18.2 (18) 1 (0.7-2.69) 
WAITE Deltamethrin F5 280 0.08 (0.018- 0.16) 1.67 (±0.37) 10.6 (18) - 
F11 280 0.07 (0.02-0.12) 2.56 (±0.66) 10.3 (14) - 
F16 280 0.09 (0.03-0.15) 2.27 (±0.55) 8.5 (14) - 
Indoxacarb F5 320 0.05  (0.01 -0.12) 1.20  (±0.23) 14.4 (18) - 
F11 320 0.04 (0.003-0.11) 1.14 (±0.24) 20.4 (18) - 
F16 320 0.06 (0.01-0.15) 1.24 (±0.25) 20.7 (18) - 
Lufenuron F5 280 0.44 (0.23-0.68) 2.12 (±0.36) 9.1 (18) - 
F11 280 0.39 (0.09-0.81) 1.50 (±0.34) 11.2 (18) - 
F16 280 0.40 (0.13-0.72) 1.95 (±0.45) 8.7 (14) - 
Bt-k F5 280 0.0006 (0.0002-0.0010) 1.67 (±0.39) 17.9 (18) - 
    F16 280 0.0007 (0.0003-0.0010) 2.41 (±0.47) 15.4 (22)  - 
 
a
 Slopes for field collected population marked with an * are not significantly different (P>0.05) 
to the slope of corresponding Waite population at the appropriate generation (SIGA F4, F10, 
F15, tested against Waite F5,   F11, F15 respectively). 
b
 RR= resistance ratio [calculated as lethal dose ratio in Polo-Plus (Le Ora Software 2002)] 
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4.3.2 Stability of insecticide resistance in the SLV population and effects of selection 
with deltamethrin or indoxacarb  
Selection of the SLV population with fixed concentrations of deltamethrin and indoxacarb 
resulted in successively higher survival rates of exposed insects at successive generations 
(Table 4.2). Selection with deltamethrin at generation F5 resulted in a 25% increase in survival 
when insects were exposed to the same concentration at F6 and selection at F6 in turn 
resulted in a 43% increase in survival when insects were exposed to the same concentration 
at F7  (Table 4.2). This represented a 79% increase in survival following selection over two 
generations (Table 4.2). Similarly, selection with indoxacarb at generation F5 resulted in a 
13% increase in survival when insects were exposed to the same concentration at F6 and 
selection at F6 in turn resulted in an 18% increase in survival when insects were exposed to 
the same concentration at F7  (Table 4.2).  This represented a 33% increase in survival 
following selection over 2 generations (Table 4.2). 
 During the experiment the susceptibility of the Waite populations to all test insecticides 
remained very stable between generations F16 and F20 (Table 4.1). Rearing the SLV 
population in the laboratory in the absence of insecticides resulted in a significant increase in 
susceptibility to deltamethrin (LC50 fell from 16.2 (10.2 - 22.5) ppm (RR= 191) at F3 to 3.14 
(1.58-6.40) ppm (RR= 39) at F8 (Table 4.3). Similarly, the susceptibility to indoxacarb also 
increased (LC50 fell from 5.10 (2.40 - 7.56) ppm (RR= 89) at F3 to 1.61 (0.87 - 2.50) ppm 
(RR= 42) at F8 (Table 4.3), but, based on overlapping 95% confidence intervals, this was not 
significant. Lack of exposure to insecticides between generations F3 and F8 had no effect on 
the susceptibility of the SLV population to either lufenuron or Bt-k (Table 4.3). 
  Selection of the SLV-D population with deltamethrin for three generations (F5 - F7) 
resulted in a LC50 of 30.1 (13.1 - 41.3) ppm and a RR of 384 to this insecticide at F8 compared 
with a LC50 of 3.14 (1.58 - 6.40) ppm and a RR of 39 to deltamethrin in the unselected SLV 
population at F8 (Table 4.3). Selection with deltamethrin also resulted in an LC50 of 18.0 (9.9 -
27.3) ppm and a RR of 384 to indoxacarb at F8 compared with a LC50 of 1.61 (0.87 - 2.54) 
ppm and a RR of 42 to this insecticide in the unselected SLV population at F8 (Table 4.3). 
However, selection with deltamethrin did not significantly affect the LC50s for lufenuron or Bt-k 
when compared with the LC50 values of these insecticides against the unselected SLV 
population at F8. Similarly, selection of the SLV-I population with indoxacarb for three 
generations (F5 - F7) resulted in a LC50 of 34.3 (20.5 - 53.3) ppm and a RR of 880 to this 
insecticide at F8 compared with a LC50 of 1.61 (0.87 - 2.54) ppm and a RR of 42 to this 
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insecticide in the unselected SLV population at F8 (Table 4.3). Selection of the SLV-I 
population with indoxacarb also resulted in an LC50 of 6.14 (3.05 - 14.10) ppm and a RR of 77 
to deltamethrin at F8 compared with a LC50 of 3.14 (1.58 - 6.40) ppm and a RR of 39 to this 
insecticide in the unselected SLV population at F8 (Table 4.3). However, selection with 
indoxacarb did not significantly affect the LC50s for lufenuron or Bt-k when compared with the 
LC50 values of these insecticides against the unselected SLV population at F8.  
 
Table 4.2. Mortality induced in samples of sub populations derived from the Sigatoka Lower 
Valley (SLV) field population by selection in the laboratory (generations F5 - F7) with 
deltamethrin or indoxacarb. 
 
Insecticide 
(concentration ppm) 
 
 
Generation 
 
 
n 
 
% 
survival 
% change in 
survivorship per 
generation 
% change in 
survivorship over 2 
generations 
None (control) F5 40 88 - - 
 F6 40 83 -6 - 
 F7 40 73 -12 -17 
Deltamethrin (0.9) F5 40 48 - - 
 F6 40 60 25 - 
 F7 40 86 43 79 
Indoxacarb (7.5) F5 40 60 - - 
 F6 40 68 13 - 
 F7 40 80 18 33 
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Table 4.3 Susceptibility of the SLV P. xylostella population to test insecticides over time when 
cultured in the laboratory in the absence of insecticides and when repeatedly selected with 
deltamethrin (SLV-D) or indoxacarb (SLV-D). 
Population Generation Insecticide n LC50 [ppm] (95% CI) slope (±SE) a χ2 (df) RR (95% CI) b 
SLV F3 Deltamethrin 280 16.2  (10.2-22.5) 5.37 (±1.501* 14.1 (21) 191 (84-434) 
 F3 Indoxacarb 320 5.10 (2.40-7.56) 4.22 (±1.09)*  22.7 (18) 89 (29-276) 
 F3 Lufenuron 280 3.25 (1.61-6.02) 1.20 (±0.19)* 24.4 (22) 8 (3-20) 
 F3 Bt-k 280 0.007 (0.004-0.012) 2.50  (±0.40)* 31.1 (22)  10 (5-19) 
F8 Deltamethrin 280 3.14 (1.58-6.40) 1.32 (±0.25)* 14.0 (22) 39 (15-105) 
F8 Indoxacarb 320 1.61 (0.87-2.54) 2.40 (±0.42) 21.2 (18) 42 (13-136) 
F8 Lufenuron 280 3.57 (2.06-5.58) 2.24 (±0.36)* 11.2 (22) 8 (4-16.0) 
F8 Bt-k 280 0.006 (0.004-0.009) 3.27 (±0.60)* 12.0 (22) 8 (4-18) 
SLV-D F8 Deltamethrin 280 30.1 (13.1-41.3) 4.50 (±1.53)* 17.9 (26) 384 (162-910) 
F8 Indoxacarb 320 18.0 (9.9-27.3) 2.59 (±0.53) 11.2 (26) 466 (141-1542) 
F8 Lufenuron 280 3.87 (2.25-6.12) 2.13 (±0.34)* 12.0 (22) 8 (7.4-174) 
F8 Bt-k 280 0.004 (0.002-0.005) 2.62 (±0.41)* 21.7 (22) 5 (2 -11) 
SLV-I  F8 Deltamethrin 280 6.14 (3.05-14.10) 1.35 (±0.31)* 7.2 (22) 77 (28-211) 
F8 Indoxacarb 320 34.3 (20.5-53.3) 2.48 (±0.48) 6.8 (26) 880 (271-2928) 
F8 Lufenuron 280 3.26 (1.85-5.24) 2.00 (±0.31)* 10.3 (22) 7 (3- 15) 
F8 Bt-k 280 0.003 (0.002-0.004) 2.40 (±0.38)* 12.4 (22) 4 (2-4) 
WAITE F16 Deltamethrin 280 0.09 (0.02-0.15) 2.18 (±0.57) 7.8 (13) - 
 
F16 Indoxacarb 320 0.06 (0.01-0.16)  1.20 (±0.25) 19.8 (17) - 
 
F16 Lufenuron 280 0.40 (0.13-0.72) 1.95 (±0.45) 8.7 (14) - 
 
F16 Bt-k 280 0.0007 (0.0003- 0.0010) 2.41 (±0.47) 15.4 (22) - 
 F20 Deltamethrin 280 0.08 (0.02-0.14) 2.34 (±0.58) 8.1 (14) - 
F20 Indoxacarb 320 0.039 (0.005-0.102) 1.33 (±0.28) 20.8 (18) - 
F20 Lufenuron 280 0.461 (0.213-0.728) 2.53 (±0.55) 10.2 (14) - 
F20 Bt-k 280 0.0007 (0.0003-0.0012) 2.08 (±0.45) 17.0 (22) - 
a
 Slopes for field collected populations marked with an * are not significantly different (P>0.05) 
to the slope of corresponding Waite population at the appropriate generation (SLV F3, F5 
tested against Waite F16; SLV F8, SLV-D, SLV-I populations tested against Waite F20). 
b
 RR= resistance ratio [calculated as lethal dose ratio in Polo-Plus (Le Ora Software 2002)] 
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4.3.3 Susceptibility of field collected and laboratory reselected P. xylostella 
populations to chlorantraniliprole.  
All field populations (SIGA (F18), SUV (F5), SMV (F5) and SLV (F5), the two laboratory 
selected populations (SLV-D (F8) and SLV-I (F8)) and the Waite population (tested at both F18 
and F20) all showed very similar levels of susceptibility to chlorantraniliprole (Table 4.4).  
 
Table 4.4 Susceptibility of field collected and laboratory selected P. xylostella populations to 
chlorantraniliprole.  
Population Generation n LC50 [ppm] (95% CI) slope (±SE) a χ2 (df) 
RR (95% 
CI) b 
SIGA F18 280 0.140 (0.044-0.258) 1.99 (±0.41) 20.3 (18) 1 (0.5-2.2) 
SUV F5 280 0.156 (0.056-0.274) 2.44 (±0.48)* 24.3 (18) 1 (0.6-2.2) 
SMV F5 280 0.184 (0.093-0.293) 2.69 (±0.43)* 29.2 (18) 1 (0.8-2.2) 
SLV F5 280 0.188 (0.090-0.308) 3.29 (±0.60)* 36.7 (22) 1 (0.8-2.3) 
SLV-D F8 280 0.155 (0.096-0.218) 3.69 (±0.73)* 19.4 (22) 1 (0.6-1.8) 
SLV-I F8 280 0.136 (0.087-0.187) 2.89 (±0.56)* 14.3 (22) 
0.9 (0.5-
1.7) 
Waite F18 280 0.138 (0.087-0.190) 4.22 (±0.91) 9.8 (14) - 
  F20 280 0.150 (0.085-0.218) 3.27 (±0.68) 12.1 (14) - 
 
a
 Slopes for field collected populations marked with an * are not significantly different (P>0.05) 
to the slope of the corresponding Waite population at the appropriate generation (SIGA, SUV, 
SMV, SLV tested against Waite F18; SLV-D and SLV-I populations tested against Waite F20). 
b
 RR= resistance ratio [calculated as lethal dose ratio in Polo-Plus (Le Ora Software 2002)] 
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4.4 Discussion 
Both the SIGA and SLV populations lost resistance to deltamethrin and indoxacarb when 
cultured in the absence of these insecticides, indicating that the resistance to these 
insecticides in the field is unstable (Table 4.1 and 4.2 respectively). The lack of stable 
insecticide resistance in field populations has been reported previously (Sayyed and Wright 
2004; Sayyed et al., 2005; Sayyed and Wright, 2006) and likely reflects the detrimental fitness 
costs associated with insecticide resistance. In both the SIGA and SLV populations, the rate 
of decline of resistance to deltamethrin was more rapid than the rate of decline of resistance 
to indoxacarb (Tables 4.1 and 4.2). The reasons for this are not immediately apparent but it 
could reflect higher fitness costs associated with resistance to deltamethrin or the nature of 
genetic basis for the resistance (Sayyed and Wright 2006).  
 Selection of the SLV population with deltamethrin, to create the SLV-D population, 
rapidly reselected resistance to this insecticide (Table 4.3) and resistance to indoxacarb; it did 
not however affect resistance to lufenuron or Bt-k (Table 4.3). Similarly, selection of the SLV 
population with indoxacarb re-selected resistance to this insecticide very rapidly (Table 4.3) 
but although it also increased the level of resistance to deltamethrin resistance to this 
insecticide did not increase as dramatically (Table 4.3). Selection for resistance to indoxacarb 
did not affect resistance to either lufenuron or Bt-k (Table 4.3). The more rapid reselection of 
resistance to indoxacarb when the SLV population was exposed to this insecticide than the 
reselection of deltamethrin when the population was exposed to that insecticide is consistent 
with the fact that resistance to indoxacarb declined more slowly than resistance to 
deltamethrin when selection pressures were removed.  This possibly reflects a higher 
frequency of the gene(s) conferring indoxacarb resistance in the SLV population than the 
gene(s) conferring resistance to deltamethrin. The genetic basis of indoxacarb (Sayyed and 
Wright, 2006) and deltamethrin (Sayyed et al., 2005) resistance is well understood in other P. 
xylostella populations and a better understanding of the genetic basis of indoxacarb and 
deltamethrin resistance in the field populations of P. xylostella in Fiji would provide valuable 
information for the development of an IRM strategy. 
 The cross-resistance patterns generated in the SLV sub populations by reselection 
with deltamethrin and indoxacarb (Table 4.3 and 4.4) are interesting as previous work 
indicates that there is a lack of cross-resistance between these insecticides (Sayyed et al., 
2005). The cross-resistance patterns observed in this study likely reflect the underlying 
mechanisms of resistance to the different insecticides investigated. Previous studies have 
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shown that P. xylostella resistance to deltamethrin can be mediated by target site (e.g Schuler 
et al., 1998) and metabolic mechanisms (Balasubramani et al., 2008), the latter due to 
increased esterase and or mixed function oxidase activity. Conversely indoxacarb resistance 
in P. xylostella is typically caused by increased metabolism due to increased esterase activity 
(e. g. Sayyed and Wright, 2006; Nehare et al., 2010). The mechanism underpinning 
resistance to deltamethrin and indoxacarb in the SLV reselected P. xylostella populations are 
not known. However, if they have a similar basis to those previously reported then selection 
with deltamethrin would be expected to select for increased esterase and/ or mixed function 
oxidase activity (Balasubramani et al., 2008) and/or altered target sites (Schuler et al., 1998) 
and this could confer some cross resistance to indoxacarb, resulting in the resistance patterns 
shown (Table 4.3). Similarly, selection with indoxacarb would be expected to only select for 
increased esterase activity, thereby conferring a lower level of cross-resistance to 
deltamethrin. Currently this is only speculation as the mechanisms involved and their genetic 
bases are not known for these Fijian populations. Improved understanding of these would 
significantly aid the development of an IRM strategy. Initial work using a range of insecticide 
synergists that block metabolic resistance mechanisms would be useful to identify metabolic 
resistance mechanisms (Balasubramani et al., 2008). This could then be followed by classical 
backcross studies (Sayyed and Wright, 2004) to determine the genetic basis of resistance. 
All P. xylostella populations tested were highly susceptible to chlorantraniliprole, 
irrespective of their resistance to other insecticides (Table 4.4). This is encouraging and 
suggests that this insecticide has an important role to play in both IPM strategies for the 
management of P. xylostella in Fiji and in IRM strategies designed to maintain the efficacies 
of the insecticides used. Since this study was completed inappropriate use of 
chlorantraniliprole elsewhere in the world has resulted in extremely high levels of resistance 
to this insecticide (e.g. Wang et al., 2013) Resistance to chlorantraniliprole has been 
attributed to both metabolic (Hu et al., 2014) and target site mechanisms (Guo et al., 2014). 
Thus, although chlorantraniliprole is likely to be useful for the management of P. xylostella 
populations resistant to other insecticides in Fiji, its judicious use in IRM is essential to ensure 
that its efficacy is preserved.  
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Chapter 5. Effects of elevated resistance to deltamethrin and indoxacarb on bionomics 
of P. xylsotella 
 
5.1 Introduction 
Insecticide resistant and insecticide susceptible strains of insects frequently differ in fitness 
components that include development time, fertility and fecundity (Arnoud, et al., 2002). This 
can result in insecticide resistant strains having a reproductive disadvantage in the absence 
of insecticides (Roush and Plapp, 1982; Kono, 1987; Argentine et al., 1989; Liu et al., 2002), 
which can result in a decrease in the frequency of resistant individuals in the population over 
time (Roush and McKenzie, 1987; Anoud and Haubage, 2002). However, under particular 
circumstances, even in the absence of insecticide selection, resistant strains may have a 
fitness advantage and their frequency in populations can remain stable (Arnoud et al., 2002).  
The fitness costs associated with resistance genes that are expressed in the absence 
of insecticides can affect the evolution of insecticide resistance (Li et al., 2007). Fitness costs 
depend on particular interactions between genes and environmental factors, particularly 
temperature (Raymond et al., 2005 Zhang et al., 2014) and they are often enhanced, and 
therefore more easily detected, in stressful environments such as those in which organisms 
experience high levels of competition (Kraaijeveld and Godfray, 1997; Raymond et al., 2005; 
Zhang et al., 2014), low nutrient conditions (Berglson, 1994) or when over  wintering (Foster 
et al., 1997).  Over wintering in particular imposes increased fitness costs on insects by 
slowing physiological development and reduced reproductive competitiveness (Li et al., 2007, 
Gassmann and Tabasnik, 2009). For example, over wintering can reduce P. xylostella 
survival, physiological development and reproductive competitiveness by 50-95% as 
compared to susceptible strains (Li et al., 2007). Similarly, Zhang et al. (2014) found that high 
temperature influenced fitness of a chlorpyrifos resistant P. xylostella strain more than it 
affected a susceptible strain; the resistant strain showed more wing venation, reduced AChe 
sensitivity, higher basal glutathione-S-transferase activity and P450 production than 
susceptible strain which expressed higher inhibition of enzyme activities and P450 production 
as well as reduced resistance to chlorpiryfos. Fitness costs in spinosad resistant strains 
resulted in reduced egg production, egg hatchability, larval and pupal survival in Hawaiian 
strains of P. xylostella (Groeters et al., 1994) but varied in Japanese strains (Shirai et al., 
1998).  
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In this study some basic bionomic characteristics, stage-specific survival, pupal weight 
and immature development time, were measured for four P. xylostella populations that varied 
markedly in their susceptibility to insecticides: the insecticide-susceptible Waite population, 
the SLV field population following culture in the laboratory for eight generations in the 
absence of insecticides (deltamethrin RR= 39, indoxacarb RR= 42), the SLV-D population 
(reselected with deltamethrin, deltamethrin RR= 384, indoxacarb RR= 466) and the SLV-I 
population (reselected with indoxacarb, deltamethrin RR= 77, indoxacarb RR= 880).  
 
5.2 Materials and methods  
5.2.1 Bionomics the Waite, SLV, SLV-D and SLV-I populations of P. xylostella when 
reared individually in the laboratory 
Fresh Chinese cabbage plants were placed into separate oviposition cages that contained 
adult moths of each of one of the four P. xylostella populations investigated and left overnight 
(Chapter 2, Section 2.4.1). The following morning the plants were removed from the cages 
and inspected for eggs. A permanent marker was then used to mark the leaf tissue close to 
each egg so that they could be readily found for future inspection. The eggs were incubated 
on plants (25oC ± 2oC, RH 75% and a 12: 12 h L: D cycle) until they turned brown (due to the 
visibility of the developing embryo through the chorion) in an attempt to minimise egg 
handling mortality. At this stage the leaf tissue around each egg was carefully cut away using 
a scalpel. Eggs were then transferred individually to Petri dishes (5 cm diameter) containing 
moistened filter paper and a small portion of Chinese cabbage leaf and then incubated under 
the same conditions as the adult cultures. Fifty-five eggs of the SLV-I population, 60 eggs of 
the SLV-D population, 80 eggs of the SLV population and 70 eggs of the Waite population 
were prepared in this manner. Each Petri dish was examined every 24 h and egg mortality or 
the time of hatching was recorded. When larvae hatched from eggs they were provided with 
fresh leaf material as required and the mortality that occurred in each instar and the duration 
of each instar was recorded. When surviving larvae developed to pupae, the filter paper and 
any remaining leaf material was removed from the Petri dish. All pupae were removed from 
their silken cocoons using a fine forceps and weighed two days after they formed. Pupae 
were then returned to the Petri dishes and incubated as previously described until adult 
eclosion.  Moths were then sexed. 
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5.2.2  Statistical analyses 
The time taken for insects in the different strains to complete egg- adult development and the 
mean weight of pupae of the different strains was analysed by one-way ANOVA, means were 
separated by Tukey’s test (P<0.05). All statistical analyse were conducted using Statview 
version 5.0 (Statview, 1999).  
 
5.3 Results 
5.3.1 Bionomics the Waite, SLV, SLV-D and SLV-I populations of P. xylostella when 
reared individually in the laboratory 
5.3.1.1 Lifetables for the Waite, SLV, SLV-D and SLV-I populations 
At all stages of development the insecticide selected populations (SLV-D and SLV-I 
populations) suffered similar levels of mortality to each other while the unselected population 
(SLV) and the insecticide susceptible Waite population also suffered similar levels of mortality 
to each other (Table 5.1). Generally the mortality experienced by the SLV-D and SLV-I 
populations was higher than that suffered by the SLV and Waite populations (Table 5.1). At 
the egg stage insects from the SLV-D and SLV-I populations suffered approximately twice as 
much mortality as insects from the parent SLV population and approximately four times as 
much mortality as insects from the Waite population (Table 5.1). Similarly, in the first instar 
insects from the SLV-D and SLV-I populations suffered approximately twice as much mortality 
as insects from the SLV and Waite populations (Table 5.1). In the second instar insects from 
the SLV-D and SLV-I populations suffered three to four times the mortality experienced by 
insects from the SLV and Waite populations (Table 5.1). The SLV-I strain suffered significant 
mortality in the third instar but no other populations suffered significant levels of mortality at 
this developmental stage. Mortality was low for insects from all populations in the fourth instar 
and at the pupal stage (Table 5.1). 
 
5.3.1.2 Egg to adult development times for the Waite, SLV, SLV-D and SLV-I 
populations 
Insect population significantly affected development time (F3, 81= 5.70, P=0.002; Table 5.2). 
There was no significant difference between the times that insects from the SLV-D and SLV-I 
populations took to complete development (Tukey’s test, P> 0.05; Table 5.2) but insects from 
these populations completed development significantly more quickly than insects from the 
Waite population (Tukey’s test, P<0.05; Table 5.2). Insects from the SLV population 
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completed development at the same rate as insects from the Waite, SLV-D and SLV-I 
populations (Tukey’s test, P> 0.05 in all cases; Table 5.2). 
 
5.3.1.3 Weight of pupae from the Waite, SLV, SLV-D and SLV-I populations 
Insect population significantly affected pupal weight (F3, 116= 9.64, P<0.002; Figure 5.1). There 
were no significant differences between the weights of pupae from the SLV, SLV-D and SLV-I 
populations (Tukey’s test, P> 0.05; Figure 5.1) but pupae from the Waite population were 
significantly larger than pupae from the other three populations (Tukey’s test, P< 0.05 in all 
cases; Figure 5.1). 
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Table 5.1. Lifetables for the Waite, SLV, SLV-D and SLV-I P. xylostella populations when reared in the laboratory  
lx= number of insects entering stage; dx= number of insects dying in a stage; qx= proportion of individuals dying in a stage. 
 
 
 
 
 
 
 
 Waite (F20) SLV (F8) SLV-D (F8) SLV-I (F8) 
Stage lx dx qx lx dx qx lx dx qx lx dx qx 
Egg 70   80   60   55   
  6 0.086  9 0.113  15 0.250  14 0.255 
L1 64   71   45   41   
  9 0.141  11 0.155  15 0.333  12 0.293 
L2 55   60   30   29   
  7 0.127  9 0.150  15 0.500  11 0.379 
L3 48   51   15   18   
  0 0  1 0.020  0 0  5 0.278 
L4 48   50   15   13   
  2 0.042  2 0.040  0 0  0 0 
Pupa 46   48   15   13   
  0 0  1 0.021  2 0.133  0 0 
Adult 46   47   13   13   
♀ 27   31   9   10   
♂ 19   16   4   3   
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Table 5.2 Development times for the Waite, SLV, SLV-D and SLV-I P. xylostella populations when reared in the laboratory 
at 25°C; 79%RH).  
 
 
 
 
 
 
a
 means marked with a different letter are significantly different (F3, 81= 5.70, P=0.002; means separated by Tukey’s test 
P< 0.05). 
 
 
 Development time (±SE) days 
Population Egg L1 L2 L3 L4 Pupa Totala 
Waite 6.25 (±0.07) 2.00 (±0.05) 1.80 (±0.11) 2.50 (±0.09) 2.40 (±0.09) 5.30 (±0.09) 19.72 (±0.49)a 
SLV (F8) 6.25 (±0.07) 2.00 (±0.09) 1.75 (±0.08) 2.40 (±0.08) 1.25 (±0.09) 5.32 (±0.10) 18.39 (±0.43)ab 
SLV-D (F8) 5.50 (±0.09) 2.00 (±0.08) 1.20 (±0.07) 2.00 (±0.14) 2.00 (±0.14) 5.00 (±0.14) 17.53 (±0.36)b 
SLV-I (F8) 5.20 (±0.11) 2.0 (±0.08) 1.50 (±0.10) 2.30 (±0.15) 2.32 (±0.12) 5.00 (±0.16) 17.13 (±0.54)b 
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Figure 5.1. Weights of pupae from the Waite, SLV, SLV-D and SLV-I P. xylostella 
populations. Columns marked with a different letter are significantly different (F3, 116= 9.64, 
P<0.002; means separated by Tukey’s test P< 0.05). 
 
5.4 Discussion 
The experiments showed that survival of eggs and early instar larvae in both the SLV-D and 
SLV-I populations was considerably lower than in the Waite and the SLV populations (Table 
5.1). This is a similar finding to that of Groeters et al. (1994), who showed that egg and early 
instar mortality, as well as pupal survival, was reduced in spinosad resistant P. xylostella. 
Further, overall survival rates were lower in the SLV-D (22%) and SLV-I (24%) populations 
than in the Waite (66%) and the SLV (59%) populations, largely due to the egg and early 
instar mortality suffered by the SLV-D and SLV-I populations (Table 1). Interestingly the sex 
ratio of all four study populations was female biased (Waite population male: female 1: 1.42; 
SLV 1: 1.93, SLV-D 1: 2.25; SLV-I 1: 3.33); and appeared to increase with increased 
resistance (Table 5.1). The reasons for this and its implications are not clear but reduced 
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female numbers in the absence of insecticides would presumably disadvantage the 
resistant populations, leading to the reversion of field populations to insecticide 
susceptibility. 
Although the current study also showed that total immature development time was 
significantly shorter in the SLV-D and SLV-I populations when compared with the Waite 
population (Table 5.2), no such difference was apparent when these populations were 
compared with their parent SLV population, which developed at the same rate as the Waite 
population (Table 5.2). It may be that the resistance to deltamethrin and indoxacarb 
exhibited by the reselected SLV populations did not affect total development time. The 
pupae of the of the SLV, SLV-D and SLV-I populations were significantly smaller than those 
of the Waite population (Table 5.3). Although the Waite population is a laboratory population 
(Baker et al 1999) that might well have become adapted to laboratory conditions further 
exploration of the development rate of the SLV-D and SLV-I populations would be worth 
exploring as individuals that develop quickly, but therefore have less time to grow, are 
typically smaller than individuals that develop more slowly (Atkins, 1994). Pupal mass is a 
good indicator of insect fecundity when insects are reared under the same conditions 
(Leather, 1988). Consequently, rapidly developing immature insects that result in small 
pupae are likely to be less fecund than larger pupae, representing a significant fitness cost. 
Reduced fecundity of chlorantraniliprole resistant P. xylostella has recently been reported in 
Brazil (Ribeiro et al., 2014) and the preliminary evidence presented here suggests that this 
should be explored in the SLV-D and SLV-I populations to determine if a relaxation of 
similar fitness costs is responsible for the relatively rapid decline in resistance to both 
insecticides in the SLV population when reared in the absence of either insecticide (Table 
4.3). As the level of resistance expressed by the unselected SLV population remained quite 
high (RR≈ 40 for both deltamethrin and indoxacarb; Chapter 4, Table 4.3) at the time of 
testing, further exploration of this would be worthwhile. This could be best achieved by 
continued selection of the SLV-D and SLV-I populations with deltamethrin and indoxacarb 
respectively, while maintaining the SLV population in the absence of insecticide. 
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Chapter 6. Discussion and Insecticide Resistance Management (IRM) strategy for P. 
xylostella in Fiji.  
 
Insecticide use to manage P. xylostella populations in Brassica crops in the Sigatoka valley is 
intensive and, at the time of the study, synthetic pyrethroids and indoxacarb were used far 
more frequently than any other classes of insecticide (Chapter 3). This reflects the limited 
range of different insecticides available to Brassica farmers in Fiji, which constrains 
sustainable insecticide use. As a result of the frequent application of deltamethrin and 
indoxacarb to Brassica crops (Chapter 3), P. xylostella populations in the Sigatoka valley 
have become very resistant to both insecticides (Chapter 3) but populations remain 
susceptible to lufenuron, which is used far less frequently (Chapter 3), Bt-k, which is used 
even less frequently (Chapter 3), and chlorantraniliprole, which has only recently been 
introduced (Chapter 4). Although resistance to deltamethrin and indoxacarb can be high in 
field-collected populations, this resistance is not stable and declines rapidly in the absence of 
insecticide selection pressure (Chapter 4). This suggests that resistance to both insecticides 
results in a significant fitness cost to resistant individuals and laboratory studies indicate that 
egg and early instar survival in deltamethrin and indoxacarb resistant populations is lower 
than in insecticide susceptible populations (Chapter 5).  
Following the attenuation of deltamethrin and indoxacarb resistance in the field-
collected SLV population when reared in the laboratory, selection with these insecticides 
resulted in rapid reselection for resistance within three generations in the laboratory (Chapter 
4). Selection with deltamethrin resulted high levels of resistance to deltamethrin and high 
levels of cross-resistance to indoxacarb, while selection with indoxacarb resulted in high 
levels of resistance to indoxacarb and moderate levels of cross-resistance to deltamethrin 
(Chapter 4). Previous research has not detected cross-resistance between these two 
insecticides in P. xylostella (Sayyed et al., 2005) and research to understand the mechanisms 
of resistance to deltamethrin and indoxacarb and their genetic basis are important to inform 
insecticide resistance management (IRM) strategies. 
The high levels of insecticide resistance detected in many of the field-collected 
populations studied highlight the necessity for the design and implementation of an IRM 
strategy in Fiji. This is particularly important to preserve the efficacy of Bt-k, which has 
recently been made available in Fiji and elsewhere in the Pacific due to collaboration between 
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the Australian Centre for International Research (ACIAR) and United Nations Food and 
Agriculture Organization (FAO) funded projects (Furlong, 2014) and chlorantraniliprole, which 
is now available as Prevathon® in the region.  
Simple rotation of insecticides can provide effective control of P. xylostella (Riley, 
2014) and, if applied appropriately, rotation schedules can be an effective way of managing 
the development of insecticide resistance. The basic premise of IRM strategies is that 
insecticide resistance imposes a fitness cost on resistant individuals and that the removal of 
sustained selection pressure will result in the attenuation of resistance in populations as the 
frequency of insecticide susceptible individuals increases in the absence of insecticide use 
(Furlong et al., 2013). In order to reduce selection pressures insecticides with the same 
modes of action should not be used on successive generations of a target pest, rather they 
should only be applied in discrete windows, the duration of which should approximate to the 
generation time of the target pest in the given locality (IRAC Lepidoptera Working Group, 
2013). Assuming a mean diurnal temperature of 24°C, P. xylostella will complete a generation 
in approximately 18 days (Liu et al., 2002). Based on this, and the limited availability of 
different insecticides available in Fiji a feasible IRM strategy for P. xylostella could comprise 
the following (see summary in Figure 6.1):  
1. The insecticide “window” can be defined as 18 days (i.e. insecticide with a given mode 
of action should only be applied within an 18 day period which is comparable to the 
generation time of the pest).  
2. Insecticide application in the nursery should not be necessary; if it becomes so after 
seedling emergence then plants should be treated with Multiguard® (active ingredient, 
abamectin; mode of action, Cl- channel activator; IRAC, mode of action Group 6) in the 
first “18 day window” as this product is readily available, inexpensive (Table 6.1) and has 
minimal impact on arthropod natural enemies (Pereira et al., 2014). 
3. In order to preserve natural enemies in the field, the next “18 day window” should be 
reserved for Bacillus thuringiensis products. An inexpensive (Table 6.1) Bacillus 
thuringiensis subsp kurstaki (Bt-k) product, Ag Chem Bt® (mode of action, disruptor of 
midgut membrane; IRAC, mode of action Group 11) has recently been made available in 
Fiji. 
4. In the third “18 day window” either Prevathon® (active ingredient, chlorantraniliprole; 
mode of action, ryanodine receptor modulator; IRAC, mode of action Group 28) or 
Steward® (active ingredient, indoxacarb; mode of action, voltage dependent Na+ channel 
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blocker modulator; IRAC, mode of action Group 22) should be used exclusively. Both 
insecticides are readily available but relatively expensive (Table 6.1). 
5. In the final “18 day window” it is unlikely that insecticides will be required as cabbage 
heads will have formed and P. xylostella thresholds are high (Furlong et al., 2008). If 
insecticides are required then either Match® (active ingredient, lufenuron; mode of 
action, chitin synthesis inhibition; IRAC, mode of action Group 15) or Multiguard® should 
be used exclusively. Multiguard® provides the cheaper option (Table 6.1) and farmers 
adopting the IRM strategy will already have purchased it; as the pest will have 
developed through two generations since its last application it poses a minimal risk for 
the selection of resistance. Match® is more expensive (Table 6.1) but would ensure that 
the crop was treated successively with insecticides with different modes of action.  
6. Details of the strategy should accompany the labels of the recommended insecticide 
products. 
 
 
Table 6.1. Relative cost (Fiji$) of insecticides used for P. xylostella control in Fiji  
 
Insecticide 
product 
 
Active ingredient 
Pack 
size 
Pack cost 
(FJ$)a 
Cost / 20L 
knapsack b 
Cost / 
acre b 
Acres 
treatable/ pack b 
Ag Chem Bt Bt-k 0.5 kg 34 0.68 10.2 3.33 
Prevathon Chlorantraniliprole 0.1 L 61.5 4.1 61.5 0.67 
Steward Indoxacarb 1 L 357 3.57 53.5 6.67 
Match Lufenuron 0.5 L 75 1.8 27 2.78 
Multiguard Abamectin 1 L 45 0.57 8.44 5.33 
Suncis Deltamethrin 1 L 30 0.6 9 3.33 
a Retail prices supplied by Mr Ben Lal, Director Ag Chem, Fiji, Ltd, June 2014. 
b Cost calculated based on label application rates and assumption that 300L are required to 
treat one acre 
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Figure 6.1 Proposed insecticide resistance management strategy for P. xylostella in Fiji 
 
The proposed IRM strategy (Figure 6.1) is based on the guidelines published by the 
Insecticide Resistance Action Committee (IRAC) Lepidoptera Working Group (2013) and 
designed to minimize insecticide selection pressures on target insects. It is also pragmatic as 
it only recommends inexpensive, readily available, insecticide products (Table 6.1) that are 
compatible with IPM strategies for insect pests of Brassica crops (Furlong et al., 2004, 2008). 
A similar strategy, in which farmers are encouraged to test field populations for resistance 
using simple bioassays and to rotate insecticides frequently, has been successfully adopted 
in Hawaii (Mau and Gusukuma-Minotu, 2004). This program emphasizes and demonstrates 
the need for strong community engagement in such a program. In Fiji the strategy has been 
promoted through farmer workshops, the distribution of leaflets and the provision of detailed 
information to farmers when they purchase Bt from cooperating agrochemical suppliers in the 
major production areas of Sigatoka and Labassa. A central element of the approach is a clear 
understanding that an IRM strategy needs to be adopted as part of a wider IPM program that 
emphasizes the necessity for decision based application of insecticides in order to reduce the 
development of insecticide resistance in P. xylostella; thereby maintaining the efficacy of the 
limited number of insecticides available to farmers in Fiji and simultaneously reducing 
environmental contamination through lower insecticide inputs into Brassica agro-ecosystems.  
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Appendix 
 
Appendix 1. Brassica farmer questionnaire conducted in 2009. 
Farmers name:_____________________________              
Locality:____________________________ 
Questions:                                         Years of farming:-____________________ 
1. What are the crops grown?_____________________________________________ 
2. What pest problems faced?___________________________________________ 
3. Farmer status: full-time, part time or others. 
4. Does the farmer know the main pest and disease affecting brassica crop? If yes, list 
them below (#4). 
5. List them. 1__________ 2.____________3. ___________ 4._____________ 
5.__________6. 
6. How do you control those pest and diseases mentioned in the list above, and the name 
of the method used? 
1. __________________________________________________________________
______ 
2. __________________________________________________________________
______ 
3. __________________________________________________________________
______ 
4. What you have to say about the efficacy of the choice of control above (#6)? And 
why? 
5. What quantity of insecticides that you use per season? 
6. What time of the year that you see most of the pest?___________________ 
7. How often do you require to control the pest?______________________ 
8. What type of sprayer do you use in the field;  
1. For insects?_______________________________ 
2. For weed control?__________________________ 
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9. Do you use protective clothing when spraying (weeds, insects or diseases)? Type 
Y-yes: N-No. 
a) Musk         ;   b) overall        ; c) long sleeve shirt        ; d) long pants         
e) shoes         f) gloves           ; g)  bath/wash (soap) immediately after spraying?           
, If not why? 
10. Do you or any family member get sick during the farming period? If Yes; what 
sickness?_______ 
How often do you visit health centre or hospital when you get sick, 
 
